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PREFACE 


Included in the new COSPAR International Reference Atmosphere, Volume 2 (ORA) 
fto be published by Pergamon Press) are reference models of ozone up to altitudes o f 90 krm 
TheS ozone models of spatial and temporal variations, are based on five recent satellite 
experiments Previously the CIRA atmospheres below 100 km had been limited to 
representations of the atmospheric structure and its variations without regard to trace species. 

Interest in developing additional reference models of trace species has stewed partmlly 
from two COSPAR workshops in recent years: one held in July 1986 at Tou , > 

entitled "Proposed Reference Models of Trace Constituents of the Middle Atmosphere (Adv. Space 
S? 7 #9 ° Per g amo n Press , Oxford, 1987) and the other held in July 1988 at Espoo, Finland, 
entitled "Reference Models of the Middle Atmosphere and Lower Thermosphere and Recent Data 

atmo spheres^ of significarft mice 

radiation budget and circulation patterns of the atmosphere. These models ot trace species 
distributions are considered to be reference models rather than standard models and thus it was not 
Sal Jhat th?y £ ^coreect in “absolute sense. These reference models can serve as a means of 
comparison between individual observations, as a first guess in inversion a gonthms. and as 
approximate representation of observations for comparison to theoretical calculations. 

On 18 July 1988 the Middle Atmosphere Program (MAP) 

Finland and invited COSPAR to compile a preliminary draft ot these reterence 

submkred to COSPAR as a pressed addition to the COSPAR International Reference Atmosphere 
(CIRA). 

Pronosed reference models are provided here for ozone (Chapters 1 and 2) H 2 0 

12). Chafer » 

new CIRA (to be published by Pergamon Press). Chapters 2, 3, 5, 10 and 'j y 

from Adv Space Res., 10, and' Chapters 4, 7, 8 and 9 are reproduced fr .°7\ ^oMe^COSPAR 
with permission from the publishers, Pergamon Press, and the copyright holder, COSPAR. 

Chapters 6 and 1 1 are new contributions. 

As may be noted, these models, which give spatial and temporal variations^f trace 
snecies are based principally on satellite data from the late 1970s and early l9Ws. AsmxK 
satellite ground based and rocket and balloon data of good accuracy become available and are 
archived, die present models may be improved and models of additional species may e genera 


G. M. Keating, Editor 
NASA Langley Research Center 
Hampton, VA 23665 USA 
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OZONE REFERENCE MODELS FOR THE MIDDLE ATMOSPHERE (NEW CIRA) 

G. M. Keating 1 , M. C. Pitts 2 , and D. F. Young 3 

1 Atmospheric Sciences Division, NASA Langley Research Center, Hampton, VA 23665 
2 ST Systems Corporation (STX), Hampton, VA 23666 
3 Kentron Corporation, Hampton, VA 23666 


1 INTRODUCTION 

Over the last 50 years, a number of measurements of ozone In the middle atmosphere have been 
obtained from the ground and from balloons, rockets, and satellites. Numerous models have 
been developed to summarize various portions of these measurements since detailed knowledge 
of the global distribution of ozone Is Important for studies of atmospheric circulation, 
dynamic processes, and the radiation balance and the photochemistry of the atmosphere. From 
the ground-based ozone network, the lat it ud Inal -seasonal variations of total column ozone 
were summarized by Dutsch (1) and the longitudinal variations were Included in a series of 
monthly atlases for the period 1957 to 1967 by London et al. [21. Measurements of vertical 
structure obtained from bal loonsondes and rocket data at midlatitudes In the Northern 
Hemisphere were summarized in a 45* annual model generated by A. Krueger and R. Mlnzner 
contained In the United States Standard Atmosphere Supplements, 1976 [3j. Bojkov [4] 
generated models of ozone vertical structure related to total column ozone amount based on 
Dobson data and early Umkehr measurements. Models relating the vertical structure of ozone to 
total ozone based on approximately 7000 bal loonsondes and a number of rocketsondes were 
generated by Hilsenrath et al. [5] as a “first guess" for the Nimbus 4 Backscattered 
Ultraviolet (BUY) ozone experiment retrievals of total ozone and vertical structure and for 
the early Nimbus 7 SBUV/TOMS total ozone retrievals. Similar models based on essentially the 
same data base were generated by Mateer et al. [6] as a "first guess" for inversion of 
"short" Umkehr obser-vat ions to determine vert leal’ structure of ozone from the ground. The 
22 vertical profiles In (6) were given as a function of latitude (low, mid and high) and 
total column ozone, but not season. Inconsistencies between rocket and balloon data were 
handled differently by Mateer et al. [6] than by Hilsenrath et al . [5]. Bhartla et al. [7] 
have developed similar models using both ozonesonde and satellite data. Klenk et al, (8] 
developed a model of ozone vertical structure based on Nimbus 4 BUV data at pressures less 
than 15.6 mb and on balloon data at lower altitudes. This model was used as a "first guess" 
for vertical structure retrievals from the Nimbus 7 Solar Backscattered Ultraviolet (SBUV) 
ozone expc: iinei.^. The ! consisted of a oiCipic peu'cuueLric representation of the annual 

and latitudinal variations of ozone as a function of pressure and assumed symmetry between 
the Northern and Southern Hemispheres. Also included In this model is the ozone covariance 
matrix which describes the variance of ozone in individual atmospheric layers and the 
covariances between adjacent layers. An ozone covariance matrix is also included In the 
models of Mateer et aJ. [6]. Dutsch 19] complied data on the vertical ozone distribution 
using chemical -type balloon soundings and early BUV results. A tabulation of monthly Nimbus 
7 SBUV ozone profiles for the period November 1978 through October 1979 Is provided by 
McPeters et al. [10] In 10* latitude increments from 0.17 mb to the surface. Results are 
given in terms of column density and Its standard deviation, volume mixing ratio and number 
density. Heath et al. [ 1 1 J have generated a set of atlases of total ozone for the period 
April 1970 - December 1976 based on Nimbus 4 BUV data. Bowman and Krueger (12] have provided 
a climatology of total ozone from Nimbus 7 TOMS measurements. Tolson l 13] has generated a 
ninth-order, ninth-degree spherical harmonic model to represent the monthly mean total 
colum-nar ozone field over the 7-year period of the Nimbus 4 BUV data set. Annual and 
semiannual components are determined for both latitudinal and longitudinal variations, and 
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the biennial and longer tern variations are determined as a function of latitude. 

Hasebe [141 has modeled the latitudinal and longitudinal variations in the total columnar 
ozone field over the 7-year period of the Nimbus 4 BUY data set using filtering techniques. 
Global mean total column ozone and Its annual, semiannual, quasibiennial and longer term 
components have been determined through spherical harmonic analysis [13,15]. 

Ifeta on total ozone and its vertical structure have been obtained from a number of satellite 
experiments. Shown in Table 1 (Krueger et al. [16]) is a tabulation of most satellite ozone 
experiments through 1978. Included are solar and stellar occultation. solar backscatter 
ultraviolet, and infrared types. Since then, other satellites have been launched with ozone 
measurement capability including Applications Explorer 2 (17), Dynamics Explorer 1 [18,191, 
Solar Mesosphere Explorer (20), EXOS-C [21] and instruments aboard the NOAA series of 
satellites (TOVS and SBUV 2) [22,23] and ERBS (SAGE II) [24]. 

With the wealth of recent satellite data allowing high precision determination of ozone 
variations with pressure, latitude, and time, it was decided to generate models of ozone 
vertical structure based not Just on one satellite experiment, but on multiple data sets from 
satellites. This is the first time such models have been generated [25- 28). The very good 
absolute accuracy of the individual data sets allowed the data to be directly combined to 
generate these models. The data used for generation of these models are from some of the 
most recent satellite measurements over the period 1978-1983. A discussion is provided of 
validation and error analyses of these data sets. Also, inconsistencies in data sets brought 
about by temporal variations or other factors are indicated. The models cover the pressure 
range from 20 to 0.003 mb (25 to 90 km). The models for pressures less than 0.5 mb represent 
only the day side and are only provisional since there was limited longitudinal coverage at 
these levels. The models start near 25 km in accord with previous CIRA models. Models are 
also provided of ozone mixing ratio as a function of height using the conversion from 
pressure to height given by Barnett and Corney [29). The monthly standard deviation and 
interannual variations relative to zonal means are also provided. 

In addition to the models of monthly latitudinal variations in vertical structure based on 
satellite measurements, monthly models of total column ozone and its characteristic 
variability as a function of latitude based on 4 years of Nimbus 7 measurements, models of 
the relation between vertical structure and total column ozone [6], and a midlatitude annual 
mean model similar to [3] are incorporated in this set of ozone reference atmospheres. 
Various systematic variations are discussed including the annual, semiannual, quasi biennial 
oscillations, diurnal variations, longitudinal variations, and response to solar activity 
variations. 

Considering the good agreement among satellite data Sets from 1978-1982 (generally within 107. 
of the interim reference models below 0.5 mb) It is expected that the present tables will be 
useful for many applications. 

2. SATELLITE DATA FOR REFERENCE MODELS 

The reference models provided here of monthly latitudinal variations of vertical structure 
are based on ozone data from five satellite experiments (see Table 2): Nimbus 7 Solar 

Backscatter Ultraviolet (SBUV), Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS), 
Applications Explorer Mission-2 Stratospheric Aerosol and Gas Experiment (SAGE), Solar 
Mesosphere Explorer UV Spectrometer (SME-UVS), and Solar Mesosphere Explorer 1.27 Airglow 
(SME-IR). Other ozone data sets are Included to define the nature of systematic variations 
other than the latitudinal -seasonal variation. 

The nadir-vlewlng SBUV experiment determines the vertical structure of ozone from absorption 
of solar ultraviolet backscattered radiation between 250 and 340 nm. The resolution of the 
ozone measurements is about 8 km in the vertical. For these studies, the first 4 years of 
SBUV data were employed (November 1978 - September 1982) using dally zonal averages every 10* 
in latitude over the illuminated portion of the earth from 20 mb to 0.5 mb. Data 
contaminated by volcanic emissions after October 1980 (including El Chichon) have been 
removed [ 30 1 . 

Validation studies have been performed on the SBUV data employing balloon, rocket, and 
ground-based Umkehr measurements [31]. The precision of the SBUV measurements was found to be 
better than B% for pressures between 1 and 64 mb. Constant biases of generally less than 107, 
between the SBUV results and the balloon and Umkehr results may be largely due to errors in 
ozone absorption cross-sections assumed earlier. Ozone absorption cross sections 
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TABLE 1 Satellite 

experiments to 

measure ozone 

116] 

Type 

Satellite 

Wavelengths 

Latitude 

Coverage 

Comments 

References 



nra 




Occul ta- 

Echo 1 

590,529. 5 

17*N 

Dec. 1960 

Venkateswaran et ai.[106] 

tlon 

USAF 1962 

260 

33*S-13*S 

July 1962 

Rawcllffe et al. [ 107] 

Solar 

Ariel 2 

200-400 

50*S-50* N 

Apr. , May, 
Aug. 1964 

Miller and Stewart [1081 


AE-5 

255.5 

5*N 

Dec. 1976 

Guenther et al. [109] 

Stellar 

OAO-2 

250 

16*S-43*N 

Jan. 1970 
Aug. 1971 

Hays and Roble [1101 


OAO-3 

258-343 

12*S-3* N 

July 1975 

Riegler et al. [Ill] 

Back- 

scatter 

USAF 1965 

284 

60*S-60*N 

Feb. , Mar. 
1965 

Rawc 1 1 f f e and 
Elliott [1121 

uv 

USSR 

225-307 

60*s-60*n 

Apr. 1965 

Iozenas et al. [113] 

Profile 


250-330 

60*S-60*N 

June 1966 

Iozenas et ai , [113 3 


1966-11 IB 

175-310 

8o*s-8o*n 

1966 

Elliott et al. [114] 


OGO-4 

110-340 

80*S-80* N 

Sep. 1967- 
Jan. 1969 

Anderson et al. [115] 


Nimbus 4 

b. u. v. 

255. 5-305.8 

80*S-80* N 

Apr. 1970- 
Jul. 1977 

Heath et al. [54] 


AE-5 

b. u. v. 

255.5-305. 8 

20*S-20* N 

Nov. 1975- 
Apr. 1977 

Frederick et al. [116] 


Nimbus 7 
s. b. u. v. 

255.5-305. 8 

8Q*S-80* N 

Nov. 1978 

Heath et al. [117] 


Total 

Nimbus 4 
b. u. v. 

312.5-339. 8 

80*S-8Q*N 

Apr. 1970- 

Mateer et al. 

[118] 


AE-5 

312. 5-339.8 

20*S-20*N 

Nov. 1974- 




b. u. v. 



Jul. 1977 




Nimbus 7 

312. 5-339.8 

global 

Nov. 1978 

Heath et ai. 

[117] 


t . o. m. s . 

pm 





Infrared 

Nimbus 6 

9. 6 

65 *S-90* N 

Jun. 1975- 

Gllle et ai. 

[55] 

Emission 

1 . r. i . r. 



Jan. 1976 



Profile 

Nimbus 7 

9.6 

65*S-90*N 

Oct. 1978- 

Nimbus Project [119,120 


1 . 1 . m. s 



May 1979 




Total 

Nimbus 3 9-10 spec- 

i . r. 1 . s . tral scan 

80* S-80* N 


Hanel et al. [121] 


Nimbus 4 9-10 spec- 

1 . r. 1. s. tral seem 

B0‘S-80* N 

Apr. 1970 
Jan. 1971 

Prabhakara et ai. [58] 


Block 5 

m.f.r. (4 flights) 
Tiros N 9.71 

h. 1 . r. s 

global 

global 

Mar. 1977 
Nov. 1978 

Lovill et ai. [122] 



TABLE 2 Satellite data used for Interim reference ozone models 


Instrument 


Nimbus 7 LIMS 
Nimbus 7 SBUV 
AE-2 SAGE 
SME UVS 
SHE IR 


Incorporated 
Pressure Range 


0. 4 

- 20 

mb 

0. 4 

- 20 

mb 

4 

- 20 

mb 

0,07 - 

0.5 

mb 

0.003 - 

0.5 

mb 


Incorporated 
Time Interval 

11/78 - 05/79 
11 /78 - 09/82 
02/79 - 12/79 
01/82 - 12/83 
01/82 - 12/83 


Nimbus 7 TOMS 


Total 


11/78 - 09/82 
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Incorporated recently by the International Ozone Commission of IAMAP are employed In the 
Inversion of the data employed In the present models (Version 5) (32-34}. 

The LI MS Instrument, a six-channel cryogenical ly cooled radiometer measured 0 3 and 
temperature In the stratosphere and mesosphere and H^O, HNO^, and N0 2 distributions In the 

stratosphere from 84 *N to 64 *S latitude from October 25, 1978 to May 28, 1979 (35,36). The 
LIMS ozone channel measures emission near 9. 6 Jim with a field of view at the limb of less 
than 3 km In the vertical and 18 km In the horizontal (perpendicular to the line of sight). 

Monthly zonal means of Kalman-filtered LIMS ozone values are Incorporated In the model for 
the period November 1978 through May 1979 from BO’S to 80*N and from 20 mb to 0.5 mb. Non 
LTE effects become Important above these altitudes ( 37 ] . Validation studies have been 
performed using balloon and rocket underf 1 lghts, Umkehr soundings, and Dobson measurements 
(38). Comparison with the correlative measurements shows mean differences of less than 10k at 
mid latitudes for balloon-borne sensors and less than 16k up to 0.3 mb for rocket data. The 
comparison with balloon measurements near 20 mb Indicate LIMS data may be high by about 8’/. at 
low latitudes. At greater pressures there is evidence of a significant bias relative to 
balloon data In this region. 

The SAGE instrument is a fouj — channel sun photometer which measured solar intensity at 
sunrise and sunset to derive ozone, aerosol, and N0^ concentrations. Absorption of 0.6 pm 

solar radiation by ozone allowed determination of the vertical structure of ozone to be 
obtained up to 30 times per day from February 1979 until September 1981. After data 
processing, the vertical resolution of the data was estimated to be 1 km up to approximately 
40 km altitude and 5 km above 40 km. The horizontal resolution was estimated to be 200 to 
300 km in the viewing direction and 200 km perpendicular to the field of view (39). Monthly 
latitudinal coverage depends on the time of year and solar geometry, but can extend from 78’S 
to 78*N. However, on any particular day, the vertical structure Is obtained at a discrete 
latitude for sunrises or sunsets. Comparisons were made between balloon measurements and 
SAGE profiles from 18 to 28 km, and average differences were found to be less than 10k 
[17,403. Comparisons by McCormick et ai. [17] with rocketsondes up to 60 km yielded average 
differences of less than 14k . An Initial comparison between SAGE and SBUV in March- Apr II 
1979 indicated agreement to generally better than 15k between 5 and 30 mb [39]. A 
comparative study between the three data sets SBUV, SAGE, and LIMS for March 1979 has been 
performed by Flelg et al. [41,42]. The LIMS/SBUV comparisons are shown to be very good in the 
upper stratosphere, while the SBUV/SAGE comparisons are shown to be very good In the lower 
stratosphere. 

Mesospheric ozone mixing ratios are available from two limb- scanning experiments aboard the 
Solar Mesosphere Explorer (SME) spacecraft (which was launched 6 October 1981). The first of 
these, the SME-UVS, Is a two-channel Ebert-Fast ie spectrometer. The instrument measures the 
Rayleigh scattering of solar photons at the earth’s limb at wavelengths of 265 nm and 296.4 
r.r. from wl.lch the ozone profile Is determined between 1.0 mb and 0.07 mb [43]. The field of 
view of the Instrument Is 3.5 km in the vertical by 35 km In the horizontal at the limb. 
Generally zonal means are not obtained. The primary orbits were over the longitude range 
from 40* W to 100* W, and the local solar time of measurement at the equator is 15 hours. An 
error analysis indicates total errors should range from 6k at 48 km to 15k at 68 km (1.0 to 
0.1 mb) [43,44). The data chosen for the model are over the range 0.5 mb to 0.1 mb over the 
period January 1982 through December 1983. 

The second SME experiment, SME-IR, Is a near- i nf rared experiment that measures 1.27 pm 
airglow from which ozone densities from 50 to 90 km are deduced. The dayglow is principally 
associated with photodissociation of ozone [45]. Monthly means from this experiment agree 
fairly well with the SME-UVS experiment and with Krueger and Minzner (3). Thomas et aJ. [46] 
describe the error analysis of this experiment in some detail. Random errors are estimated 
to be less than 10k from 50 to 82 km, and increase to 20k at 90 km. Systematic errors are 
estimated to be 15k but could be as high as 50k. The data used for the model are monthly 
means over the range 0.5 mb to 0.003 mb and over the period January 1982 through December 
1983. The local solar time of the measurements is again about 15 hours. Latitudinal 
coverage is consistent with the Illuminated earth, and longitudinal coverage Is principally 
from 40* W to 100*W. 

Reviews on mesospheric ozone are found In (47-51). Ozone measurements made In the Aladdin 
program [52] by several techniques on June 29-30, 1974, are In good agreement with SME 


6 


measurements below 70 km. Above 75 km, Aladdin ozone Is a factor of 2-3 lower than SME-IR. 

It Is very possible that this Is a real ozone variation [53). 

Other satellite Instruments which have obtained measurements of the vertical structure of 
ozone Include the Nimbus 4 BUV experiment 1 54] and the Nimbus 6 Limb Radiance Inversion 
Radiometer (LRIR) [55]. Since the Nimbus 4 BUV experiment had problems with a serious drift 
in bias, the Nimbus 7 SBUV data from 1978-82 was considered to be a better choice for the 
model. The Nimbus 7 LIMS is generally considered an improvement over the Nimbus 6 LRIR 
experiment and was therefore chosen for the model. More recent experiments such as SBUV 2, 
SAGE II, and EXOS-C are still In the validation phase. 

The models of total column ozone given here are based on 4 years of Nimbus 7 TOMS 
measurements. The TOMS instrument is used to determine total column ozone by measuring 
backscattered solar ultraviolet radiation attenuated by ozone employing a simple 
monochrome ter whose Instantaneous field of view scans through the subsatelllte point and 
perpendicular to the orbital plane. Backscattered and direct solar radiation are sampled at 
six wavelengths from 312.5 nm to 380 nm. The resolution of ozone measurements Is about 50 km 
In the horizontal. For these studies the first 4 years of TOMS data were employed (November 
1978 - September 1982) using dally zonal averages every 5* in latitude over the illuminated 
portion of the earth. Comparisons of TOMS data with ground-based Dobson and M-83 data have 
shown a retrieved precision of better than 2% and biases of 6% where the TOMS measurements 
have lower values than the Dobson measurements [56]. 

Global measurements of total ozone from backscattered ultraviolet measurements have also been 
obtained from the Nimbus 4 Backscattered Ultraviolet (BUV) and the Nimbus 7 SBUV experiments. 
The TOMS experiment, however, obtains more measurements per day than the other two and does 
not appear to have the serious drift problems which occurred on the Nimbus 4 BUV experiment. 
Infrared experiments which measure total column ozone from absorption of 9.6 pm radiation 
have included the Nimbus 4 Infrared Interferometer Spectrometer (IRIS), the DMSP Mult lfl Iter 
Radiometers (MFR), and the ongoing Tiros Operational Vertical Sounders (TOVS). A study of 
the relative biases between a limited amount of the TOMS, MFR, TOVS and SBUV total column 
ozone results was performed [57] showing excellent global average agreement between the TOMS 
and MFR (3%) but not as good agreement between SBUV and MFR (5%) or between TOVS and MFR 
(7%), where In each case MFR gave a lower value for total ozone. Significant latitudinal 
biases relative to BUV data have been noted In the Nimbus 4 IRIS data [58,59]. 

3. MODELS OF TOTAL COLUMN OZONE 

The monthly latitudinal models of total column ozone are based on the archived first 4 years 
of data from the Nimbus 7 TOMS experiment. The total' column ozone values tabulated here are 
5.5% higher than the TOMS archived data to be more in accord with the improved ozone cross 
sections of Bass and Paur [33] and with Dobson measurements [56]. A more detailed correction 
for the future TOMS algorithm improvements is given by Flelg et al. [ 60 Shown in Figure 1 
Is total column ozone in Dobson units (the Dobson unit is defined as 10 meters of ozone at 
C’C and at standard sea level pressure) as a function of latitude and month. Note tiie high 
values In mid and high latitudes in spring in the Northern Hemisphere and at mid latitudes in 
local spring in the Southern Hemisphere. Also note the low values in September-October near 
80*S. These low values reflect the recently discovered "ozone hole" in the Antarctic [61]. 
Much higher values of ozone were detected In the springtime Antarctic before the 19B0s 
[61,62). Shown in Figure 2 is the standard deviation in percent of individual ozone 
measurements relative to the zonal mean obtained each month for a 1-year period (November 
1978 - October 1979). Minimum standard deviations occur at low latitudes while the maximum 
values occur near the "ozone hole. " A comparison of monthly ozone values from year to year 
over the 4-year period (November 1978 - September 1982) gives an approximate idea of patterns 
of interannual variability in total ozone. Shown in Figure 3 Is the interannual variability 
expressed as standard deviation (In percent) relative to 4-year means as a function of 
latitude and month. The variations are generally less than 4% (except near October, 80*S) 
and are strongly related to quaslblennial variations discussed briefly in the section "Other 
Ozone Variations." The large variations In October, 80*S again reflect the recently 
discovered antarctic ozone hole. 

Shown In Table 3 is a tabulation of the latitudinal variation of total column ozone in Dobson 
units for each month based on the dayside observations of ozone over the 4-year period. The 
spaces indicate times when no TOMS measurements were available. 




J f nflnjjftsoND 


norm 

Figure. 2. Standard deviation (percent) from 
zonal mean of total column ozone for period 
January 1979 through December 1979 
(Nimbus 7 TOMS data). 
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ttONTH 

Figure 3. Interannual variability of total 
column ozone expressed as yearly standard 
deviation (percent) from 4-year zonal means 
(Nimbus 7 TOMS data). 
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TABLE 3. Zonal Mean Total Column Ozone (Dobson units) 


* 

Jan 

Feb 

Mar 

85* 

_ 

- 

467 

80* 

- 

- 

470 

75* 

- 

433 

460 

70* 

- 

436 

459 

65* 

395 

432 

451 

60* 

392 

428 

441 

55* 

390 

426 

433 

50* 

387 

418 

420 

45* 

376 

402 

401 

40* 

354 

374 

377 

35* 

322 

338 

347 

30* 

292 

303 

316 

25* 

269 

278 

291 

20* 

254 

261 

271 

15* 

248 

251 

260 

10* 

246 

246 

254 

5* 

247 

248 

254 

0* 

251 

250 

255 

-5* 

255 

254 

257 

-10* 

260 

258 

259 

>15* 

266 

262 

261 

-20* 

271 

265 

264 

-25* 

277 

270 

269 

-30* 

286 

278 

277 

-35* 

295 

286 

284 

-40* 

306 

294 

289 

-45* 

319 

303 

296 

-50* 

334 

313 

305 

-55* 

344 

322 

312 

-60* 

344 

325 

315 

-65* 

338 

324 

317 

-70* 

331 

317 

312 

-75* 

324 

306 

305 

-ou* 

320 

299 

299 

-85* 

316 

294 

295 


Apr Hay Jun Jul 


467 

411 

371 

333 

465 

414 

371 

332 

462 

416 

370 

332 

455 

415 

368 

334 

444 

410 

367 

338 

431 

406 

372 

346 

421 

402 

375 

350 

410 

394 

372 

346 

395 

382 

360 

335 

373 

363 

341 

321 

348 

342 

323 

310 

325 

324 

311 

302 

304 

307 

301 

296 

287 

291 

290 

289 

275 

279 

282 

284 

267 

271 

275 

280 

261 

264 

268 

274 

259 

260 

263 

268 

258 

258 

-259 

262 

259 

257 

256 

259 

260 

258 

258 

261 

263 

264 

264 

268 

271 

271 

273 

279 

278 

281 

289 

295 

284 

291 

306 

315 

289 

303 

319 

331 

297 

312 

327 

340 

306 

318 

328 

342 

314 

322 

32B 

338 

318 

323 

337 

344 

319 

322 

- 

340 

313 

- 

- 

- 

302 ' 

- 

- 

- 

I 

_ 

_ 

_ 


Aug 

Sep 

Oct 

Nov 

311 

283 

- 

- 

308 

291 

- 

- 

308 

302 

299 

- 

313 

308 

309 

314 

320 

312 

315 

332 

327 

317 

317 

332 

330 

318 

317 

327 

326 

313 

312 

322 

319 

307 

302 

311 

310 

300 

291 

297 

303 

295 

283 

284 

298 

290 

280 

276 

291 

284 

275 

270 

286 

279 

270 

263 

283 

279 

268 

261 

281 

279 

267 

260 

277 

278 

263 

258 

273 

276 

263 

259 

268 

272 

265 

264 

264 

270 

269 

270 

266 

273 

277 

278 

274 

282 

2B7 

286 

288 

295 

301 

298 

306 

313 

317 

311 

327 

333 

336 

323 

343 

348 

354 

335 

353 

360 

371 

350 

355 

367 

387 

366 

351 

368 

402 

381 

339 

353 

402 

390 

325 

324 

374 

388 

307 

291 

333 

376 

294 

267 

297 

357 

- 

253 

274 

346 

- 

230 

259 

341 


Dec 


358 

353 

349 

338 

320 

299 

281 

267 

256 

252 
251 
251 

253 

257 
264 
272 
279 
287 
297 
307 
318 
332 
347 
358 

365 

366 
364 
358 
356 
353 
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4. MODELS OF VERTICAL STRUCTURE OF OZONE 

As described In section 2 the vertical structure models of monthly latitudinal variations 
are based on the SBUV, LIMS, SAGE, SME-UVS, and SME-IR data tabulated In Table 2. The 4-year 
mean of the SBUV data was given a weight of 2 due to the combination of extensive temporal 
and spatial coverage, while the other shorter data sets were each given a weight of 1. 

Although there Is Interannual variability, comparison of the SBUV data over the 4-year period 
of measurements shows a remarkable similarity of structure from year to year. For example, 
shown In Figure 4 Is the vertical structure at 0\ 2CTN, 40*N and 6CTN for November of 1978, 
1979, 1980 and 1981. Note how the 0‘ and 20*N profiles come together near 4 mb. The 60 *N 

profile changes In each case from the lowest profile at 4 mb to the highest at 1.5 mb. 

Shown In Figure 5 Is the Interannual variability of zonal mean ozone expressed as standard 
deviation (in percent) relative to the mean of 4 years of SBUV data as a function of pressure 
and latitude for the months of November and July. As indicated in the previous figure, the 
Interannual variability of zonal means In November is very low, generally less than 4*/.. In 
contrast, the month of July gave the largest variability over this 4-year period with the 
maximum variability occurring at high winter latitudes. The interannual variability appears 
to be strongly related to quas 1 biennial oscillations. 

Figure 6 shows the average standard deviation (in percent) of the Individual data points 
making up the monthly zonal means based on the 4 years of SBUV data. The standard deviations 
are shown as a function of latitude and pressure and appear considerably different from the 
interannual variability displayed in Figure 5. Minimum standard deviations occur near the 
equator and in the summer hemisphere. Standard deviations can exceed \ 5 % at high latitudes 
and result from substantial longitudinal variations in ozone as well as changes In the zonal 
means during the month. The patterns for individual years look very similar to these 4-year 
mean patterns. 

In Figure 7 Is shown an example of the agreement between the five data sets used to generate 
models of the ozone vertical structure from 20 mb to 0.003 mb (25 to 90 km). Note that the 
mixing ratio is displayed on a log scale to allow accurate representation of the two orders 
of magnitude variation over this altitude range. It should be recognized that each data set 
represents entirely different techniques of measuring the vertical structure of ozone. The 
agreement shown here is fairly representative. Generally the SBUV ozone values redetermined 
with the Improved ozone cross section (Version 5) give better agreement with the LIMS and 
SAGE data sets than the earlier versions. 

Table 4 gives the monthly zonal mean ozone volume mixing ratios (ppmv) a s a function of 
pressure and latitude. The standard type face indicates only one data type was used to 
determine the average. I tal Ics Indicate that the percent standard deviation from the model of 

weighted data types exceeded 10 percent. An underlined entry indicates standard deviations 
from the model of less than 10 percent. The dashed entry indicates -.ona' means were not 
available at that latitude and pressure. As may be noted, In most cases at altitudes below 
0.5 mb the standard deviation from the model of weighted data types was less than 10 percent. 
Considering the difference In techniques, this Is noteworthy. Owing to the lack of 
longitudinal coverage for the data types used above 0.5 mb and the somewhat larger 

between data types, the (dayslde) model above 0.5 mb should be considered only 
provisional. Nlghtslde mesospheric ozone concentrations are generally much higher than 
dayslde values (51). Shown in Figure 8 are the ozone distributions given In Table 4 for the 
equinox and solstice months. 

Comparison of entries In Table 4 shows the nature of the annual and semiannual variations of 
ozone In the middle atmosphere. The amplitudes of annual variations are generally highest at 
high latitudes, and amplitudes are especially high near 15-5 mb, 2. 0-0. 5 mb, and above 0.03 
mb. Amplitudes are high at low and mid latitudes near 0. 1 mb. There Is a sharp change of 
phase near 4 mb with maximum ozone values in summer below this altitude and maximum values In 
winter In the upper stratosphere. Figure 9 shows the ozone annual variation In percent of 
annual mean at 50 *S and 50 *N over the entire range of altitudes. Notice the asymmetry 
between the two hemispheres. A substantial semiannual variation occurs near the equator from 
15-3 mb, but the largest semiannual variation occurs at mid and high latitudes above 0.03 
mb [63]. and at high latitudes near 1 mb. Figure 10 shows the ozone semiannual variation in 
percent of the annual mean at 30*S and 3Q*N for the entire range of altitudes. The annual 
and semiannual components were solved for simultaneously . Note the symmetry In the low 
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Figure 4. Similarity of ozone vertical structure in November from 
year to year (Nimbus 7 SBUV data). 


NOVEMBER 
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Figure 5. Interannual variability of ozone vertical structure expressed 
as yearly standard deviation (percent) from 4-year zonal means for 
the months of November and July (Nimbus 7 SBUV data). 
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Figure 7. Comparison of measurements from Five satellite 
experiments of zonal mean ozone volume mixing ratios for 
March, 50°S. 
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TABLE 4. Zonal Mean Ozone Mixing Ratios (ppmv) as Function of Pressure 
(standard typeface: only 1 data set used In average. 

Italics: standard deviation of data types > 10*/. , 
underlined: standard deviation s 10*/. ) 

average ozone (ppmv) for January 


latitude 


p (mb) 

0 
00 

1 

-70* 

-60* 

-50* 

-40* 

-30* -20* 

-10* 

0* 

10* 

20* 

30* 

40* 

50* 

60* 

70* 

1 8 

. 003 

. 55 

.72 

.80 

. 78 

. 70 

.63 .57 

.53 

.53 

.52 

.52 

.66 

.81 

. 84 

.83 

- 

- 

. 005 

. 26 

.35 

. 45 

. 51 

. 49 

.46 .43 

.42 

. 41 

. 38 

.35 

.42 

.50 

.52 

. 50 

- 

- 

. 007 

. 18 

.21 

.28 

.35 

.36 

.36 .37 

.38 

. 39 

.37 

.32 

.30 

. 31 

.30 

. 27 

- 

- 

. 010 

. 15 

. 15 

. 18 

. 22 

. 24 

.26 .29 

. 31 

.33 

. 34 

.32 

.28 

.23 

. 19 

. 14 

- 

— 

.015 

. 16 

. 15 

. 15 

. 16 

. 15 

.16 .19 

. 20 

.21 

.23 

.27 

.28 

.26 

.23 

. 17 

- 

- 

. 020 

. 17 

. 16 

. 15 

. 14 

. 14 

.13 .14 

. 16 

. 16 

. 17 

. 21 

. 25 

. 27 

. 28 

.24 

- 

“ 

. 030 

.21 

. 19 

. 18 

. 17 

. 15 

.14 .15 

. 15 

. 15 

. 16 

. 17 

. 19 

.24 

.32 

. 37 

- 

“ 

. 050 

. 31 

.28 

.26 

.25 

.24 

.22 .22 

.22 

.23 

.23 

.24 

.27 

.30 

.37 

. 47 

- 


. 070 

. 41 

. 38 

. 37 

. 36 

.34 

.32 .31 

. 32 

.32 

.32 

.34 

.41 

. 46 

.49 

. 53 

— 

~ 

. 100 

. 54 

.53 

.52 

.49 

. 48 

. 48 . 49 

. 49 

.47 

.46 

. 49 

.53 

.69 

. 69 

. 67 

- 


. 150 

.76 

.74 

.73 

.73 

. 74 

• 76 ^74. 

.71 

.68 

.68 

. 69 

.75 

.79 

1.01 

. 93 

- 


.200 

. 89 

.90 

. 92 

. 92 

. 96 

. 98 .96 

.92 

.89 

.89 

. 92 

. 99 

1.04 

1. 28 

1. 19 

- 


. 300 

1 . 13 

1. 17 

1.21 

1.25 

1 . 32 

1. 37 1. 35 

1.30 

1.27 

1.27 

1.33 

1.42 

1.48 

1 . 77 

— 

“ 


. 500 

1 .41 

1 . 50 

1 62 

1.75" 

1.86 . 

1. 93 1 .91 

1. 85 

1.83 

1.84 

1 . 88 

1.99 

2. 16 

2 . 26 

2.07 

1 .91 

1 . 79 

. 700 

1 . 66 

1 , 80 

1 . 97 

2. 14 

2. 28 

2.36 2. 35 

2, 30 

2.29 

2.29 

2.31 

2.45 

2.71 

2.80 

2.70 

2. 36 

2. 22 

1 . 000 

2. 15 

2.28 

2. 46 

2.63 

2.82 

2.97 3. 03 

3.03 

3.04 

3.05 

3. 10 

3. 33 

3.67 

3.75 

3.55 

3. 04 

2.89 

1 . 500 

2. 99 

3.07 

3. 26 

3.43. 

3.67 

3.92 4. 10 

4. 19 

4.23 

4.26 

4. 42 

4. 74 

5. 05 

5. 04 

4.65 

3. 98 

3 . 75 

2.000 

3. 92 

3.97 

4. 17 

4.38 

4.66 

4.95 5. 20 

5. 35 

5.40 

5. 46 

5.60 

5. 87 

6.03 

5. 89 

5. 33 

4.65 

4. 34 


5. 000 
7.000 
10. 000 

15.000 

20 . 000 


5.99 6. 26 
5. 49 5. 94 
4.62 5.14 


3. 86 
3. 52 


4. 36 
3.96 


6. 96 7. 63 8.20 8.66 9. 07 9. 36 9. 14 8_._79 

6 , 94 7 , 82 8 . 54 9. 08 9. 56 9. 96 9. 68 9. 16 

6,32 7.30 8. 10 8.66 9. 15 9.71 9^62 9 ...03 

5. 52 6.41 7. 08 7, 45 7.78 8. 15 

4 . 99 5.68 6. 10 6. 25 6.36 6. 42 


7. 29 6. 67 6. 14 5.55 5.39 
6.99 6. 34 6.02 5. 37 5.27 
6.52 5. 98 5.83 5.01 4.91 
5.78 5.52 4.62 4. 45 
5.67 5. 19 4. 34 4. 14 


p (mb) 


average ozone (ppmv) for February 
latitude 


-80* -70* -60* ~50* -40* -30* -20* -10* 


0*‘ 10* 20* 30* 40* 50* 60* 70* 80* 


.003 
. 0Q5 
. 007 
. 010 
.015 
.020 
. 030 
. 050 
. 070 
. 100 
. 150 
. 200 
. 300 
. 500 
.700 
1.000 
1. 500 
2.000 

3.000 

5.000 

7.000 
10.000 

15.000 

20.000 
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TABLE 4 - continued 


average ozone (ppmv) for March 


latitude 


p (mb) 

-BO’ 

■ -70 

* -60 

' -50 

* - 40 ' 

’ -30 ‘ 

* - 20 ' 

' - 10 ' 

* 0 * 

10 * 

20 * 

30 * 

40 • 

50 * 

60 * 

70 * 

80 * 

.003 

.37 

.58 

.66 

.68 

.74 

. 82 

.81 

.74 

.69 

.71 

.76 

.77 

.68 

.58 

.57 

.60 

.61 

.005 

.21 

.28 

.31 

. 38 

. 48 

.53 

.52 

.47 

. 44 

. 46 

.49 

.48 

.42 

.35 

.33 

.31 

.27 

.007 

. 15 

.21 

.24 

.30 

.38 

.43 

.43 

.41 

.40 

.41 

.42 

.41 

.36 

.30 

.26 

.22 

. 16 

.010 

. 12 

. 19 

.22 

.26 

.33 

.38 

.37 

.34 

.33 

.34 

.37 

.39 

.38 

.34 

.28 

.22 

. 15 

.015 

. 12 

. 15 

. 16 

.20 

.24 

.25 

.23 

.21 

.20 

.22 

.26 

.32 

.38 

.39 

.36 

.31 

.23 

.020 

. 15 

. 15 

. 14 

. 15 

. 17 

. 18 

. 16 

. 15 

. 16 

. 16 

.19 

.24 

.33 

.38 

.39 

. 37 

.31 

.030 

. 20 

. 18 

. 17 

. 15 

. 14 

. 15 

. 17 

. 17 

. 17 

. 17 

. 17 

. 18 

.23 

.29 

.37 

.43 

.41 

.050 

.30 

.30 

.29 

. 27 

.25 

.25 

.25 

.24 

.23 

.24 

.25 

.27 

.28 

.30 

.37 

.46 

.48 

.070 

. 40 

. 40 

. 41 

. 40 

.38 

.35 

.34 

.33 

.31 

.32 

.36 

.39 

. 41 

.43 

.46 

.50 

.52 

. 100 

.55 

.54 

.53 

.53 

.51 

.50 

. 51 

.50 

■ 48 

,47 

.48 

.49 

.52 

.54 

.55 

.58 

.61 

. 150 

.79 

. 77 

.77 

.78 

.77 

.75 

.75 

.74 

.73 

.72 

.71 

.72 

.74 

.74 

.73 

.74 

.75 

.200 

.99 

.97 

.98 

1.00 

. 99 

. 97 

. 96 

.96 

.95 

.94 

.93 

.92 

.95 

.94 

.91 

. 91 

. 93 

. 300 

1.33 

1.35 

1. 36 

1.38 

1.39 

1. 37 

1.34 

1.33 

1.34 

1.33 

1.32 

1.32 

1.33 

1.32 

1.28 

1.29 

1 . 35 

. 500 

1.97 

1.96 

1.92 

1.93 

1. 95 

1.93 

1. 09 

1. 88 

1.89 

1.90 

1.92 

1.94 

1.94 

1. 96 

2. 02 

2 . 12 

2 . 27 

. 700 

2.82 

2.58 

2 . 42 

2.40 

2 . 40 

2 . 37 

2.32 

2 . 30 

2.30 

2.31 

2.35 

2.41 

2.42 

2.50 

2.69 

2 . 89 

3.00 

1.000 

3.86 

3.62 

3 . 30 

3.20 

3 . 17 

3 . 11 

2 . 99 

2.90 

2.88 

2.92 

3.03 

3 . 17 

3.27 

3.45 

3.75 

3.96 

3.93 

1. 500 

5 . 01 

5.04 

4.66 

4.46 

4 . 36 

4 . 28 

4.06 

3 , 83 

3.77 

3.86 

4 . 10 

4.39 

4.67 

5.02 

5.33 

5.33 

5.00 

2.000 

5.41 

5.80 

5.69 

5.53 

5 . 45 

5.37 

5 . 12 

4 . 00 

4.71 

4.85 

5 . 15 

5.51 

5.92 

6.29 

6.42 

6 . 18 

5 . 74 

3.000 

5,39 

6.26 

6.76 

6.93 

7.00 

7.06 

6 . 93 

6.60 

6 . 48 

6.63 

6.91 

7.21 

7.61 

7,73 

7.41 

6.88 

6 . 49 

5.000 

5.08 

6.05 

7.00 

7.58 

8.03 

8.43 

8 . 77 

8.95 

8.91 

8.90 

8.84 

8.65 

8.48 

7.99 

7.31 

6.65 

6.50 

7.000 

4 . 65 

5 . 40 

6.51 

7.32 

8.00 

8.68 

9 . 34 

9 . 9410.05 

9.80 

9.31 

8.71 

8 . 13 

7.45 

6.78 

6 . 28 

6 . 30 

10.000 

4.09 

4 . 52 

5.64 

6.67 

7 . 55 

8.45 

9 . 3610 . 2810 . 5910. 12 

9.27 

8.26 

7.38 

6.72 

6.24 6.03 6. 18 

15.000 

3.73 

3.98 

4. 87 

5.81 

6 . 55 

7.26 

7.93 

8.54 

8.70 

8.37 

7.83 

7 . 14 

6.48 

6.08 

5.86 

5.86 

5.95 

20 . 000 

3.61 

3.85 

4.49 

5 . 19 

5.70 

6 . 10 

6 . 42 

6.66 

6.67 

6.57 

6.47 

6.23 

5.91 

5.73 

5.65 

5.68 

5.58 


average ozone (ppmv) for April 


latitude 


p (mb) 

-80 ' 

’ - 70 ' 

* - 60 ' 

* - 50 ' 

* -40 ' 

* - 30 ' 

' - 20 ‘ 

’ - 10 ' 

’ 0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

60 ’ 

70 * 

80 * 

.003 

- 

- 

. 77 

. 83 

. 92 

.93 

. 84 

.77 

.76 

.79 

.93 

1.01 

.83 

.59 

.52 

. 56 

. 63 

.005 

- 

- 

. 35 

. 43 

. 54 

.57 

. 50 

. 44 

.43 

.48 

.62 

.72 

.61 

.43 

.36 

. 38 

. 42 

. 007 

- 

- 

. 24 

. 32 

. 41 

. 44 

. 41 

. 39 

.39 

.41 

. 49 

.56 

.51 

.41 

.34 

. 32 

. 30 

.010 

- 

- 

. 25 

. 30 

.35 

. 35 

. 34 

.36 

.36 

.36 

. 39 

. 46 

.48 

. 45 

.41 

. 35 

. 26 

.015 

- 

- 

. 28 

.27 

.26 

.22 

.20 

.22 

.23 

.22 

.24 

.33 

.41 

.44 

.43 

. 39 

. 29 

.020 

- 

- 

.28 

.22 

. 19 

. 16 

. 15 

. 15 

. 16 

. 16 

. 17 

.23 

.31 

.35 

.37 

.37 

.31 

.030 

- 

- 

.26 

. 16 

. 1 * 

. 16 

. 17 

. 16 

. 17 

. 17 

. 17 

. 19 

.21 

. 23 

.26 

. 30 

. 39 

.050 

- 

- 

.32 

.28 

.27 

. 26 

.26 

.25 

.25 

.26 

.27 

.27 

.28 

.29 

.31 

.35 

.39 

. 070 

- 

- 

.42 

. 41 

. 40 

.38 

.37 

.35 

.34 

.34 

.37 

.38 

.39 

.41 

.43 

.46 

.49 

. 100 

- 

- 

. 56 

. 57 

.55 

. 54 

.54 

.53 

.50 

.49 

.50 

.49 

.49 

.50 

.53 

.55 

.56 

. 150 

- 

- 

. BO 

.82 

. 79 

.79 

. 80 

.78 

.76 

.75 

.75 

.74 

.73 

.73 

.73 

.73 

.73 

.200 

- 

- 

1 . 06 

2.05 

1.02 

1 . 01 

1 . 01 

1.00 

.98 

.97 

.96 

.95 

.95 

.93 

.91 

.90 

.89 

.300 

- 

- 

1. 54 

1.50 

1.43 

1.40 

1.39 

1.38 

1.36 

1.35 

1.35 

1.33 

1.32 

1.29 

1.26 

1.24 

1.24 

.500 

2.50 

2.38 

2.27 

2 . 17 

2.04 

1.96 

1.93 

1.94 

1.94 

1.94 

1.94 

1.94 

1.89 

1.84 

1.83 

1.86 

1.90 

.700 

3 . 50 

3.34 

2.96 

2.77 

2 . 56 

2.42 

2.36 

2.37 

2.37 

2.37 

2.40 

2.41 

2.33 

2.26 

2.28 

2.37 

2 . 48 

1.000 

4.64 

4.64 

4 . 19 

3.87 

3.52 

3.25 

3.07 

2.99 

2.98 

3.00 

3.06 

3 . 11 

3.03 

2.96 

3.03 

3 . 18 

3 . 35 

1.500 

5.59 

6.06 

5.84 

5.48 

5.01 

4.57 

4 . 16 

3.94 

3.89 

3.94 

4.08 

4.21 

4 . 18 

4 . 16 

4.31 

4 . 48 

4 . 57 

2.000 

5.65 

6.39 

6.65 

6.51 

6 . 14 

5.71 

5.23 

4.90 

4.83 

4.93 

5 . 13 

5.31 

5.35 

5.39 

5.55 

5.63 

5.49 

3.000 

5 . 18 

5.98 

6.93 

7.34 

7.40 

7.30 

6.99 

6.58 

6 . 49 

6.66 

6.95 

7 . 12 

7.25 

7.31 

7.30 

7.02 

6.42 

5.000 

4.94 

5.54 

6.48 

7.22 

7.84 

8.44 

8.82 

8.63 

8.42 

8.65 

8.77 

8.66 

8.69 

8.50 

7.82 

6.99 

6 . 14 

7.000 

4.66 

5.09 

5.90 

6.73 

7.53 

8.46 

9.27 

9.63 

9 . 62 

9.55 

9.27 

8.91 

8.61 

8. 10 

7.29 

6.37 

5.68 

10.000 

4.18 

4.50 

5.23 

6.08 

6.95 

8.07 

9 . 2110 . 1610 . 4510.00 

9.25 

8.64 

7.95 

7.22 

6.47 

5.78 

5.40 

15.000 

3.73 

4 . 15 

4.82 

5.45 

6 . 12 

7.02 

7.89 

8.62 

8 . BO 

8.48 

7.95 

7.49 

6.86 

6.29 

5.77 

5.40 

5.30 

20.000 

3 . 46 

4.03 

4.63 

5.02 

5.45 

6.01 

6.46 

6.79 

6.85 

6.79 

6.66 

6.49 

6 . 11 

5.74 

5.41 

5.24 

5.26 
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TABLE 4 - continued 
average ozone (ppmv) for May 


p (mb) 


.003 
.005 
.007 
.010 
.015 
.020 
.030 
.050 
.070 
. 100 
. 150 
.200 
.300 
. 500 
.700 
1.000 
1.500 
2.000 
3. 000 
5.000 
7. 000 

10. 000 

15.000 

20. 000 



-20* 

latitude 
-10* 0* 

10* 

20* 

30* 

40* 

50* 

o 

CD 

70* 

80* 

.75 

.65 

.63 

.67 

.75 

.85 

.84 

.74 

.64 

. 56 

.48 

.46 

.42 

.41 

. 43 

.52 

.62 

. 63 

. 56 

. 49 

. 41 

.33 

.40 

. 42 

.43 

.43 

. 45 

.50 

.51 

.46 

.41 

. 33 

.25 

.37 

. 41 

. 42 

.40 

.39 

.39 

.38 

.36 

.33 

. 28 

. 21 

. 24 

.27 

.26 

.25 

.24 

.25 

.25 

. 25 

. 24 

. 21 

. 19 

. 17 

. 18 

. 17 

. 17 

. 17 

. 19 

. 19 

. 20 

. 19 

. 19 

. 18 

. 16 

. 16 

. 16 

. 17 

. 18 

. 19 

. 20 

. 20 

. 19 

. 19 

.21 

.27 

.26 

.27 

. 27 

.27 

.27 

.28 

.29 

. 28 

. 29 

.31 

.39 

. 38 

.38 

.38 

.30 

.37 

.38 

.39 

. 39 

. 40 

. 43 

.57 

.55 

. 53 

.53 

.53 

.51 

. 49 

. 51 

.53 

. 54 

.54 

.83 

.81 

.79 

.79 

.80 

.78 

.76 

.76 

.76 

.75 

.73 

1.05 

1.03 

1.01 

1.02 

1.02 

1.00 

.97 

.95 

.94 

.91 

. 88 

1.43 

1. 41 

1. 39 

1.40 

1.39 

1 . 36 

1.33 

1.29 

1. 25 

1. 20 

1. 16 



1.95 1.89 

2. 40 2. 33 2. 23 2. 12 2.04 1.97 
3.03 2.92 2.79 2.67 2.59 2. 59 
4,02 3.88 3.74 3.62 3. 54 3.64 
4.94 4. B1 4.72 4. 62 4.75 
6. 82 6.73 6. 60 6.31 6.30 
8.50 8.20 7. 59 6.75 6. 19 
9,70 8. 16 7.35 6. 26 5. 47 

8.09 7, 57 6.75 5. 63 4.84 

7. 10 6. 57 5. 92 5.06 4.43 
6.30 5.88 5. 38 4.76 4. 32 


average ozone (ppmv) for June 


p (mb) -80* -70* 


. 003 
.005 
.007 
. 010 
.015 
.020 
.030 
.050 
.070 
. 100 
. 150 
.200 
.300 
. 500 
.700 
1.000 
1.500 
2.000 

3.000 

5.000 

7.000 
10.000 

15.000 

20.000 


-60* -50* -40* -30* 


- 20 ' 


latitude 
- 10 * 0 * 


10 * 


20* 30* 40* 


50* 


60* 70* 80* 
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TABLE 4 - continued 


average ozone (pprav) for July 


p (» b ) 

0 

CD 

1 

-70 

* - 60 ‘ 

* - 50 ' 

’ - 40 ' 

’ - 30 ' 

1 -20 

latitude 
* - 10 * 0 * 

10 * 

20 * 

30 * 

o 

tn 

o 

60 * 

70 * 

CO 

o 

.003 

__ 


_ 

. 58 

. 66 

. 63 

.53 

. 4 B 

. 47 

. 51 

. 60 

.66 

.71 

.85 

.93 

. B 0 

. 58 

.005 

- 

- 

- 

. 34 

. 41 

. 41 

.37 

.34 

. 37 

. 40 

.42 

. 44 

.49 

.55 

.52 

. 40 

.31 

.007 

- 

- 

- 

. 24 

.29 

. 32 

.32 

.33 

. 35 

. 36 

.35 

.34 

.36 

.37 

.30 

. 23 

.21 

.010 

- 

- 

- 

. 20 

. 24 

.27 

.29 

.28 

.28 

. 27 

.25 

.24 

.24 

.23 

. 19 

. 16 

. 17 

.015 

- 

- 

- 

.21 

.20 

.20 

. 19 

. 17 

. 16 

. 16 

. 16 

. 16 

. 16 

. 16 

. 16 

. 16 

. 16 

. 020 

- 

- 

- 

.21 

. 17 

. 16 

. 15 

. 14 

. 14 

. 14 

. 14 

. 14 

. 15 

. 16 

. 17 

. 17 

. 17 

.030 


- 

- 

. 22 

. 17 

. 16 

. 16 

. 16 

. 17 

. 17 

. 16 

. 16 

. 18 

. 20 

.20 

. 20 

.21 

. 050 


- 

- 

. 31 

.31 

. 29 

. 26 

.25 

.25 

.25 

.24 

. 24 

. 27 

. 28 

.28 

.28 

.31 

. 070 


- 

- 

. 43 

. 46 

. 45 

. 39 

. 36 

. 36 

. 36 

.35 

. 36 

. 39 

. 39 

. 38 

.39 

.42 

. 100 

- 

- 

- 

, 61 

.60 

. 60 

. 57 

. 55 

. 55 

. 56 

.58 

.57 

. 55 

. 55 

.57 

.55 

. 56 

. 150 

- 

- 

- 

. 89 

.85 

. 86 

. 83 

.82 

. B 1 

■ 84 

.87 

.88 

.85 

. 82 

.81 

. 81 

.79 

. 200 

“ 

- 

~ 

- 

1 . 09 

1 . 08 

1.06 

1. 04 

1. 04 

1 . 06 

1 . 11 

1 . 12 

1. 09 

1.04 

1.00 

. 98 

. 95 

. 300 

- 

- 

- 

- 

1 . 53 

1 . 49 

1.45 

1 . 44 

1. 44 

1 . 46 

1.50 

1.51 

1. 46 

1. 39 

1.32 

1 . 26 

1 . 19 

. 500 

- 

- 

2 . 05 

2 . 14 

2 . 22 

2 . 07 

2.00 

1. 99 

1.99 

1. 99 

2.00 

2.00 

1. 93 

1.91 

1.68 

1. 55 

1 . 44 

. 700 

- 

- 

2 . 85 

3.03 

2.86 

2 . 60 

2 . 48 

2 . 44 

2 . 44 

2 . 44 

2 . 48 

2.49 

2 . 39 

2.20 

2.00 

1. 82 

1 . 66 

1. 000 


- 

4.06 

4. 40 

4.05 

3 . 58 

3 . 34 

3.23 

3 . 19 

3 . 18 

3.22 

3 . 19 

3.01 

2.76 

2.52 

2.30 

2 . 14 

1.500 

- 

- 

5 . 62 

6.28 

5.76 

5.04 

4.61 

4.39 

4.31 

4.29 

4.31 

4 . 18 

3.91 

3.61 

3.32 

3.08 

2.97 

2.000 

- 

- 

6 . 24 

7 . 17 

6 . 86 

6 . 13 

5 . 69 

5.47 

5 . 38 

5.37 

5 . 38 

5.21 

4 . 90 

4 . 59 

4.28 

4.03 

3.97 

3 . 000 

- 

- 

6 . 22 

7.39 

7.79 

7 . 43 

7.23 

7 . 16 

7 . 12 

7 . 15 

7 . 18 

6.98 

6 . 68 

6 . 37 

6.00 

5.66 

5.64 

5 . 000 

- 

- 

5 . 79 

6.63 

7.47 

8. 04 

8.35 

8.62 

8.76 

8 . B 7 

8.85 

8.67 

8.34 

7 . 88 

7 . 11 

6.21 

5.84 

7 . 000 

- 

- 

5 . 39 

5.91 

6.98 

7.81 

8 . 42 

8.98 

9 . 26 

9 . 34 

9 . 17 

8.99 

8 . 59 

7 . 97 

6.98 

5.79 

5 . 18 

o 

o 

o 

o 

“ 

- 

4.98 

5.29 

6 . 41 

7 . 19 

7.95 

8.77 

9 . 11 

9.08 

8.65 

8 . 45 

7 . 95 

7 . 23 

6 . 28 

5 . 14 

4.50 

15. 000 

- 

- 

4. 74 

5.08 

5.83 

6 . 35 

6.90 

7.53 

7.81 

7.79 

7.35 

7 . 19 

6 . 80 

6 . 22 

5 . 45 

4.51 

3.95 

20.000 

- 

- 

4.65 

5 . 14 

5 . 52 

5 . 73 

5 . 92 

6 . 14 

6.31 

6 . 41 

6 . 17 

6.08 

5 . 91 

5 . 55 

4.94 

4 . 14 

3 . 68 


average ozone ( ppmv ) for August 


p ( mb ) 

- 80 ' 

' - 70 ' 

' - 60 ' 

’ - 50 ' 

’ - 40 * 

' - 30 ' 

' - 20 * 

lat 1 tude 
1 - 10 * 0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

60 * 

70 * 

80 * 

. 003 

- 

- 

. 62 

. 66 

.69 

. 67 

.61 

. 60 

.61 

. 62 

.65 

.68 

.67 

. 65 

. 67 

. 60 

. 44 

. 005 

- 

- 

. 37 

. 40 

. 43 

. 43 

. 41 

. 40 

. 40 

. 41 

. 44 

. 46 

. 43 

.41 

.41 

. 35 

. 24 

. 007 

- 

- 

. 26 

. 29 

. 32 

. 34 

. 35 

. 36 

. 36 

. 36 

. 38 

. 36 

. 32 

. 29 

. 28 

. 22 

18 

. 010 

- 

- 

. 23 

25 

. 28 

. 30 

. 32 

.31 

. 30 

. 30 

.31 

. 27 

. 23 

. 20 

. 18 

. 15 

. 15 

. 015 

- 

- 

. 25 

. 23 

. 24 

. 24 

. 22 

. 19 

. 18 

. 18 

. 19 

. 17 

. 16 

. 15 

. 14 

. 14 

. 13 

. 020 

- 

- 

. 24 

. 20 

. 19 

. 18 

. 16 

. 14 

. 14 

. 14 

. 15 

. 14 

. 14 

. 14 

. 14 

. 15 

. 15 

. 030 

- 

- 

. 24 

. 19 

. 17 

. 17 

. 17 

. 16 

. 16 

16 

. 17 

16 

. 16 

. 17 

. 18 

. 18 

. 19 

. 050 

- 

- 

. 33 

. 32 

.31 

.30 

. 26 

. 25 

. 25 

. 25 

.25 

.24 

■ 25 

.26 

.27 

. 27 

. 29 

. 070 

- 

- 

. 44 

. 47 

. 48 

. 44 

. 38 

.36 

. 36 

.35 

. 34 

. 35 

.36 

. 38 

. 38 

. 38 

. 39 

. 100 

- 

- 

. 60 

.61 

.62 

.59 

. 54 

. 52 

. 53 

. 53 

. 52 

.52 

. 53 

.53 

. 52 

. 53 

. 54 

. 150 

- 

- 

. 84 

.85 

. 88 

.87 

.82 

.79 

. 79 

.79 

.79 

. 80 

.81 

.80 

. 77 

.75 

.73 

. 200 

- 

- 

1.01 

1.09 

1 . 12 

1.11 

1.05 

1.02 

1.01 

1.01 

1.03 

1.04 

1.05 

1.02 

. 96 

.92 

. 90 

. 300 

- 

- 

1 . 18 

1. 56 

1.58 

1.54 

1, 47 

1.43 

1. 40 

1.39 

1.43 

1.46 

1.45 

1.38 

1.30 

1. 23 

1 . 18 

. 500 

- 

1 . 9 C 

1. 90 

2 . 19 

2 . 22 

2 . 11 

2.00 

1.97 

1,95 

1.94 

1. 97 

2.02 

1.98 

1.85 

1. 74 

1. 64 

1 . 56 

. 700 

- 

2 . 50 

2.55 

2.76 

2 . 79 

2 . 60 

2 . 45 

2.41 

2 . 39 

2.40 

2 . 45 

2.50 

2 . 44 

2 . 26 

2 . 11 

2.01 

1.92 

1.000 

- 

3.35 

3 . 54 

3.87 

3 . 87 

3 . 55 

3 . 29 

3 . 17 

3 . 13 

3 . 14 

3 . 22 

3.28 

3 . 18 

2.95 

2.77 

2 . 65 

2.55 

1.500 

- 

4.41 

4.97 

5 . 51 

5 . 43 

4. 97 

4 . 55 

4.31 

4 . 24 

4.27 

4.39 

4.42 

4.25 

3.98 

3.78 

3 . 61 

3 . 48 

2.000 

- 

4.92 

5.79 

6.60 

6 . 55 

6.09 

5 . 68 

5.42 

5 . 33 

5.37 

5 . 51 

5.49 

5 . 27 

4.99 

4.77 

4 . 53 

4.32 

3.000 

- 

5.21 

6.35 

7.57 

7 . 78 

7.54 

7 . 37 

7.23 

7 . 16 

7.20 

7 . 32 

7.23 

6.94 

6 . 64 

6 . 34 

5 . 86 

5 . 43 

5 . 000 

- 

5 . 34 

6 . 14 

7 . 42 

8.06 

8.32 

8. 65 

9.04 

9 . 07 

9 . 15 

9.07 

8.69 

8.31 

7.81 

7.06 

6 . 18 

5 . 30 

7.000 

- 

5.29 

5.59 

6.73 

7. 56 

8 . 10 

8 . 72 

9 . 46 

9 . 54 

9.60 

9.39 

8.93 

8 . 45 

7.73 

6 . 78 

5.69 

4.68 

10.000 

- 

5 . 11 

4.94 

5 . 88 

6 . 74 

7.36 

8 . 14 

9 . 43 

9 . 51 

9.53 

9 . 16 

8.60 

8.01 

7 . 13 

6 . 11 

4.94 

4.06 

15.000 

- 

4 . 63 

4.59 

5.33 

5.99 

6.43 

6 . 98 

7.74 

7 . 84 

7.89 

7 . 58 

7 . 19 

6.78 

6.06 

5 . 21 

4.28 

3.62 

20. 000 

- 

4 . 14 

4.53 

5 . 16 

5. 59 

5.78 

5 . 96 

6.22 

6 . 31 

6.43 

6 . 26 

6.05 

5 . 84 

5.35 

4.66 

3.95 

3 . 45 
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TABLE 4 - continued 


average ozone (ppmv) for September 


latitude 


p (mb) -80' -70 ‘ -60’ -50' -40' -30' -20' -10' 


.003 

.42 

.58 

. 59 

.64 

.74 

.79 

.77 .77 

.005 

.27 

.33 

.36 

. 39 

. 46 

.52 

.51 .48 

.007 

.24 

.26 

.29 

.33 

. 38 

. 43 

.43 .40 

.010 

.24 

. 28 

.31 

.35 

. 37 

.37 

.35 .32 

.015 

.27 

.32 

.31 

.32 

.30 

.27 

.23 .21 

.020 

.28 

.30 

.27 

.25 

.23 

. 19 

.17 .16 

.030 

.28 

.28 

.22 

. 19 

. 17 

. 16 

.17 .17 

.050 

. 33 

.33 

.31 

.31 

. 29 

. 28 

.26 .24 

.070 

. 41 

. 43 

. 45 

. 45 

. 45 

. 42 

.37 .34 

. 100 

.52 

. 57 

. 58 

.59 

.58 

.54 

. 50 ^49 

. 150 

. 70 

.80 

.80 

.83 

.84 

.80 

.77 .76 

.200 

- 

.99 

1.01 

1.05 

1.06 

1.03 

1.00 .99 

. 300 

- 

1. 35 

1. 40 

1.47 

1.48 

1.43 

1. 41 1.41 

. 500 

1.78 

1.88 

1 . 98 

2. 10 

2 . 10 

2.02 

1.96 1.95 

.700 

2.38 

2. 34 

2. 48 

2.67 

2. 64 

2.47 

2.38 2.36 

1.000 

3. 19 

3. 18 

3.38 

3.66 

3.62 

3. 36 

3. 16 3.06 

1.500 

4. 26 

4.38 

4.72 

5. 10 

5.07 

4.71 

4.35 4. 13 

2. 000 

4. 86 

5. 16 

5.72 

6. 23 

6. 26 

5.90 

5.50 5.21 

3. 000 

5.34 

5.89 

6. 86 

7. 58 

7. 80 

7.63 

7.36 7.08 

5.000 

5. 36 

5.94 

6.86 

7.76 

8. 45 

8.81 

9. 04 8.99 

7.000 

5. 28 

5. 62 

6. 45 

7.31 

8.06 

8. 64 

9.20 9. 54 

10.000 

5. 15 

5. 18 

5.81 

6.61 

7.34 

8. 02 

8.80 9.25 

15. 000 

4.38 

4.51 

5. 12 

5.85 

6.38 

6.83 

7.31 7.81 

20.000 

3.50 

3.97 

4.75 

5. 42 

5.79 

6.00 

6. 14 6. 30 


0' 10’ 20' 30' 40' 50' 60' 70' 80' 



77 


75 


76 


76 


69 


61 


60 


56 


46 


48 


48 


49 


53 


47 


37 


31 


28 


21 


38 


38 


40 


42 


38 


29 


24 


21 


16 


30 


29 


32 


34 


31 


25 


21 


19 


16 


20 


19 


21 


22 


22 


19 


17 


16 


17 


16 


15 


16 


17 


17 


16 


15 


15 


18 


16 


16 


16 


15 


15 


16 


16 


17 


21 


23 


24 


24 


23 


23 


26 


26 


27 


29 


33 


34 


34 


34 


35 


38 


39 


38 


38 


50 


49 


47 


46 


48 


49 


48 


49 


50 


76 


74 


72 


70 


72 


73 


70 


67 


67 


98 


97 


96 


,96 


97 


97 


, 94 


89 


86 

1_ 

38 

1_ 

36 

1 

,38 

!_ 

40 

Jl 

40 

J_ 

40 

1_ 

. 36 


28 

1_ 

. 25 

!_ 

93 

1_ 

,92 

!_ 

,94 

1_ 

.96 


95 

1 

, 92 

1 

.89 


. 87 

1.93 

2 

,35 

2 

.36 

2 

.38 

2 

.40 

2 

,38 

2 

.36 

2 

.37 

2 

.41 

2 

. 48 

3 

,04 

3 

.07 

3 

. 15 

3 

.23 

3 

.23 

3 

.23 

3 

.30 

3 

.37 

3 

.34 

4 

.08 

4 

. 15 

4 

.34 

4 

.48 

4 

.51 

4 

.54 

4 

.66 

4 

.69 

4 

.33 

5 

. 13 

5 

.21 

5 

.45 

5 

.60 

5 

. 59 

5 

.60 

5 

. 67 

5 

.52 

4 

.87 

6 

.97 

7 

.04 

7 

. 25 

7 

.31 

7 

. 17 

7 

.03 

6 

.82 

6 

. 23 

5 

.22 

8 

.96 

8 

.98 

8 

.98 

8 

. 80 

8 

. 41 

7 

. 89 

7 

. 17 

6 

.07 

4 

.97 

9 

. 61 

9 

.57 

9 

. 34 

8 

.98 

8 

. 43 

7 

.63 

6 

.67 

5 

. 47 

4 

. 58 

9 

.39 

9 

.31 

8 

.84 

8 

.35 

7 
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TABLE 4 - continued 
average ozone (ppmv) for November 
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Figure 10. Semiannual variation of ozone volume mixing ratio in percent of the 
annual mean at 30°S and 30°N latitude. 
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latitude semiannual variations in the two hemispheres and evidence of propagation from the 
mesosphere into the stratosphere. 

Shown In Figure 11 is the vertical structure of global mean ozone (weighted by cosine of 
latitude) and the maximum and minimum extremes of the tabulated values. 

For convenience, Table 5 lists conversion factors for deriving common units for ozone 
measurements from volume mixing ratio. 

Tabulated In Table 6 are the zonal mean ozone volume mixing ratios (ppmv) as a function of 
height and latitude using the conversion from pressure to height given by Barnett and 
Corney ( 29 ] . 


5. ANNUAL MEAN MIDLATITUDE MODEL 

The Krueger and Minzner annual mean ozone reference model (3]of 45*N based on balloon and 
rocket data Is compared here with this set of reference models. The Krueger and Minzner 
model has proven to be very useful and was included in the U. S. Standard Atmosphere, 1976. 
Data from rocket soundings in the latitude range of 45*N ± 15*, results of balloon soundings 
at latitudes from 41 *N to 47*N, and latitude gradients from Nimbus 4 BUV observations were 
combined to give this earlier estimate of the annual mean ozone concentration and Its 
variability at heights up to 74 km for an effective latitude of 45*N. 

Shown In Figure 12a is a comparison of the vertical structure of the annual mean volume 
mixing ratio given by Krueger and Minzner [3] 'with that of the annual mean determined by 
averaging the monthly values at 40* and 50*N based on satellite data given in Table 4. As 
may be detected, there is good agreement between the balloon and rocket measurement model and 
the satellite measurement model. This agreement is even more noteworthy considering the lack 
of longitudinal coverage in the balloon and rocket measurement model. Shown In Figure 12b 
are the percent differences of the Krueger and Minzner model [3] from the annual mean model 
based on Table 4 values. Below altitudes of 0.2 mb, the agreement Is generally within 107.. 
Above 0.2 mb, differences as large as 457. occur, but differences at all levels are within the 
error bars indicated by the Krueger and Minzner model. Both models give maximum mixing 
ratios near 5 mb. 

Shown in Figure 13 Is a comparison of the annual mean vertical ozone distribution from 
ozonesonde data from Hohenpe issenberg (FKG) (48*N, 11*E) over the period 1967-1985 and from 
Thai wl 1-Payerne (Switzerland) (47*N,7*E) over the period 1967-1982 with the 47.3*N zonal 
average annual mean based on the satellite data. Also the annual mean vertical structure of 
Umkehr data from Arosa (Switzerland) 1955-1983 is compared. These threedata sets were 
generously provided by Ft. Bojkov (64). Considering that the ozonesonde and Umkehr data do not 
represent a zonal average but do represent conditions over a period of many years, the 
agreement is very good. Comparisons month by month of the ozonesonde data show better than 
10% agreement with the zonal mean mixing ratios but show evidence of local phase shifts 
relative to the conr.l near 'ar’ntior.s. A number- of other comparisons have been made with 
these satellite ozone reference models [65-68] 

6. MODELS OF TOTAL OZONE-VERTICAL STRUCTURE RELATION 

Mateer et aJ. [6] developed models of the vertical structure of ozone as a function of total 
column ozone and latitude. The models were based on balloon and rocket data. These models 
of the relation of total ozone to vertical structure are incorporated here. Shown in Figure 
14a are low-latitude (about ±25* ) profiles for ozone mixing ratios for total column ozone of 
200, 230, 250 and 300 Dobson units (left to right). Shown in Figure 14b are similar 
mid-latitude (“25 to 58*) profiles for total column ozone In increments of 50 Dobson units 
from 200 to 550 Dobson units (left to right). Finally, shown in Figure 14c are similar 
high-latltude (“58 to 80*) profiles for total column ozone in increments of 50 Dobson units 
from 200 to 650 Dobson units (left to right). Note that the substantial variability In 
mixing ratio extends to lower pressures (higher altitudes) at the higher latitudes. 
Tabulations of the models are found In [6). 

7. OTHER SYSTEMATIC VARIATIONS 

A number of systematic variations of ozone in addition to latitudinal -seasonal variations 
have been analyzed. For brevity only a few references are Included here. Empirical analyses 
have been performed on the quaslbi ennlal oscillation (69), solar cycle variations [70,71) , 
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RLL LATITUDES 



Figure 1 1. Global mean vertical structure 
of ozone volume mixing ratio (ppmv) 
(weighted by cosine of latitude) and the 
maxima and minima of Table 4 monthly 
latitudinal profiles. 


TABLE 5. Unit Conversion 


To convert from volume mixing ratio (ppmv) to 
the units below, multiply by: 


HASS MIXING RATIO (ppmm) 
HASS DENSITY (kg-nf 2 ) 
NUMBER DENSITY (m" 3 ) 
PARTIAL PRESSURE (nb) 


1.657 

1 . 657 • 10~ 6 * p 

t 

2. 079 • 10 19 * p 

t 


where Is the total atmospheric pressure in mb 
( 1 mb = 100 pascal ) and p^ Is the total atmospheric 
density in kg*m 3 at a given altitude. 


Total column burden (n) In atm-cm 

(1 atm* cm - 1000 Dobson units) above a given pressure (p Q ) 
can be calculated by Integrating partial pressure ptO^) 
with respect to in(p^) : 


7.896* 10 


pfO^) * d!n( ) 
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TABLE 6. Zonal Mean Ozone Mixing Ratios (ppmv) as function of altitude 
average ozone (ppmv) for January 


alt. 
z (km) 

0 
00 
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-60* 

-50* 

' -40* 

' -30' 

> -20* 

latitude 
' -10* 0* 10* 

o 
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o 

CD 

70* 

CO 

o 

80 

. 16 

. 15 

. 15 

. 18 

. 20 

. 23 

.26 

.28 

.29 

.31 

.31 

.28 

.24 

. 23 

. 19 

- 

- 

75 

.26 

.22 

. 19 

. 17 

. IS 

. 14 

. 15 

. 15 

. 15 

. 16 

. 19 

.23 

. 27 

. 27 

.22 

- 

- 

70 

. 48 

. 44 

. 40 

.35 

.30 

. 25 

. 24 

.25 

.26 

.25 

. 25 

.26 

. 27 

. 34 

.42 

- 

- 

65 

.82 

.79 

.76 

.69 

.64 

.60 

.57 

.56 

.54 

.53 

.53 

.54 

. 64 

. 58 

.57 

- 

- 

60 

1. 16 

1. 19 

1.22 

1.20 

1. 19 

1.17 

1. 11 

1.04 

1.01 

1.01 

1.03 

1.04 

1.00 

1. 14 

1.00 

- 

- 

55 

1.56 

1.65 

1. 76 

1.83 

1. 87 

1.86 

1.78 

1.68 

1.65 

1.67 

1.70 

1.74 

1.78 

1.85 

- 

- 

- 

50 

2.36 

2.43 

2.55 

2.63 

2.73 

2.77 

2. 71 

2.62 

2.60 

2.62 

2.65 

2.77 

2. 92 

2. 78 

2.53 

2. 11 

1.86 

45 

3.90 

3. 90 

4. 03 

4. 10 

4. 19 

4.28 

4. 31 

4.29 

4.30 

4.36 

4.50 

4.75 

4. 92 

4.69 

4. 14 

3. 32 

2.96 

40 

5.82 

5. 89 

6. 22 

6.56 

6. 80 

6. 98 

7. 14 

7.23 

7.21 

7. 19 

7. 15 

7.07 

6.86 

6.40 

5. 64 

4. 83 

4.38 

35 

5.53 

5.97 

6.94 

7. 78 

8.43 

8.91 

9. 31 

9.62 

9.36 

8.95 

8. 34 

7. 72 

7. 20 

6.61 

6. 14 

5. 51 

5.26 

30 

4.09 

4.61 

5.79 

6. 74 

7.51 

8.04 

8. 52 

9.06 

9.01 

8. 47 

7.54 

6. 83 

6.37 

5.93 

5. 81 

5. 07 

5.06 

25 

3. 13 

3.47 

4. 35 

4.83 

5.04 

5.07 

5. 10 

5.05 

CD 

CO 

4.88 

5.03 

5. 27 

5. 48 

5. 46 

5.01 

4.30 

4. 18 


average ozone (ppmv) for February 


alt. latitude 


z( km) 

t 

CO 

o 

-70* 

-60* 

-50* 

i 

o 

-30* 

-20* 

-10* 

0* 

10* 

20* 

30* 

40* 

50* 

60* 

70* 80* 

80 

. 13 

. 13 

. 15 

. 17 

.21 

.26 

. 31 

.31 

.32 

. 34 

. 36 

. 33 

. 27 

.23 

. 19 

. 14 

75 

. 21 

. 19 

. 18 

. 16 

. 14 

. 15 

. 15 

. 16 

. 17 

. 17 

. 19 

.23 

. 29 

.31 

. 29 

. 25 

70 

. 40 

. 38 

. 37 

. 33 

. 29 

.26 

. 26 

.26 

.26 

.26 

. 27 

.27 

.26 

. 28 

.36 

. 42 

65 

.74 

.71 

. 69 

. 67 

. 63 

. 60 

. 59 

.58 

.57 

.55 

. 54 

. 54 

. 51 

. 55 

. 53 

. 56 

60 

1. 15 

1. 15 

1 . 17 

1. 19 

1.21 

1. 18 

1. 12 

1.08 

1.06 

1.07 

1. 07 

1.02 

.93 

. 85 

.79 

. 87 


55 1.65 1.67 1.76 1.83 1.99 1.87 1.78 1.71 1.70 1.73 1.75 1.73 1.67 1.57 1.45 1.51 

50 2.67 2.61 2.65 2.75 2.85 2.86 2.74 2.59 2.55 2.61 2.67 2.75 2.83 2.82 2.75 2.58 2.26 

45 4.30 4.22 4.26 4.34 4.43 4.46 4.35 4.13 4.04 4.17 4.38 4.66 4.95 4.93 4.63 4.13 3.34 

40 5.65 5.99 6.39 6.64 6.87 7.06 7.08 7.03 6.97 6.98 7.03 7.23 7.21 6.77 6.19 5.64 4.95 

35 5.05 5.93 6.95 7.56 8.16 8.84 9.31 9.73 9.59 9.29 8.90 8.31 7.61 6.96 6.49 6.39 6.15 

30 3.65 4.41 5.62 6.46 7.26 8.02 8.69 9.34 9.42 8.93 8.18 7.17 6.50 6.29 6.13 6.42 6.12 

25 3.02 3.43 4.19 4.54 4.90 4.98 5.06 5.08 4.95 4.90 5.10 5.30 5.46 5.59 5.59 5.39 5.28 


average ozone (ppmv) for March 
alu. Latitude 

z(km)' -80* -70* -60* -50* -40* -30* -20* -10* 0* 10* 20* 30* 40* 50* 60* 70* 80* 

80 .12 .19 .21 .25 .31 .34 .33 .29 .28 .30 .33 .37 .38 .34 .28 .22 .16 

75 .16 .15 .15 .15 .16 .16 .16 .16 .16 .17 .18 .21 .29 .36 .39 .36 .28 

70 .28 .28 .28 .27 .27 .27 .27 .27 .26 .26 .27 .28 .27 .29 .35 .45 .45 

65 .53 .53 .55 .57 .58 .58 .59 .60 .58 .57 .55 .53 .53 .52 .52 .54 .56 

60 .95 .96 1.02 1.09 1.12 1.11 1.10 1.12 1.12 1.11 1.06 1.02 .98 .92 .84 .82 .82 

55 1.55 1.59 1.67 1.76 1.82 1.79 1.78 1.79 1.80 1.80 1.79 1.75 1.68 1.59 1.52 1.48 1.51 

50 2.B7 2.76 2.73 2.80 2.84 2.79 2.71 2.66 2.65 2.67 2.73 2.76 2.71 2.64 2.67 2.74 2.77 

45 4.71 4.83 4.65 4.63 4.63 4.54 4.32 4.06 3.99 4.09 4.31 4.51 4.64 4.75 4.83 4.72 4.43 

40 5.40 6.16 6.66 6.93 7.05 7.11 6.99 6.63 6.50 6.65 6.90 7.11 7.37 7.34 7.02 6.54 6.08 

35 5.01 5.86 6.79 7.45 8.02 8.56 9.07 9.43 9.43 9.31 9.05 8.68 8.37 7.88 7.25 6.64 6.50 

30 4.00 4.34 5.32 6.25 7.03 7.85 8.68 9.51 9.79 9.38 8.67 7.81 7.06 6.54 6.16 6.01 6.16 

25 3.44 3.66 4.12 4.57 4.82 4.97 5.08 5.15 5.10 5.14 5.32 5.44 5.40 5.42 5.45 5.50 5.40 
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TABLE 6 - continued 

average ozone (ppmv) for April 
alt. latitude 


z ( kn ) 

- 80 * 

- 70 ' 

0 

CD 

1 

- 50 * 

0 

1 

- 30 * 

- 20 * 

- 10 * 

0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

60 * 

70 * 

CD 

o 

BO 

_ 

- 

. 25 

. 30 

. 34 

.33 

.31 

. 32 

.32 

.32 

.34 

.41 

. 45 

. 44 

. 41 

.36 

. 26 

75 

- 

- 

. 28 

. 23 

. 18 

. 16 

. 16 

. 16 

. 16 

. 16 

. 17 

. 20 

. 25 

. 28 

.31 

. 34 

. 32 

70 

- 

- 

. 27 

. 23 

. 25 

.27 

. 28 

. 28 

.27 

.28 

.29 

. 30 

.31 

. 32 

.32 

.35 

. 39 

65 

- 

- 

. 46 

.51 

.55 

.59 

.62 

.62 

.60 

.58 

.57 

. 56 

.56 

.56 

.57 

. 57 

.57 

60 

- 

- 

. 86 

. 97 

1.04 

1 . 10 

1 . 15 

1.16 

1 . 15 

1 . 13 

1 . 10 

1.08 

1.07 

1.03 

.98 

. 95 

. 94 

55 

- 

- 

1.60 

1.70 

1.73 

1.76 

1.80 

1.85 

1.85 

1.84 

1.83 

1.80 

1.75 

1. 68 

1.63 

1.61 

1. 60 

50 

2.59 

2.67 

2.70 

2.78 

2.85 

2.79 

2.76 

2.76 

2.75 

2.75 

2.79 

2.80 

2.70 

2.58 

2.57 

2.63 

2.73 

45 

4.61 

4.87 

4 . 92 

5.06 

4.95 

4.69 

4.40 

4.21 

4 . 15 

4.21 

4.34 

4.44 

4.36 

4.26 

4.30 

4 . 41 

4.49 

40 

5.65 

6.32 

6.77 

7 . 08 

7.25 

7.26 

7.04 

6.67 

6.57 

6.73 

7.00 

7 . 13 

7 . 18 

7 . 14 

7.07 

6 . 81 

6.28 

35 

5.00 

5 . 63 

6 . 49 

7.11 

7 . 71 

8.45 

9.05 

9 . 15 

9 . 02 

9 . 10 

9.02 

8.78 

8 . 66 

8 . 35 

7.63 

6.77 

5.96 

30 

4.29 

4.52 

5 . 15 

5.86 

6 . 58 

7.57 

B . 57 

9 . 44 

9.71 

9.32 

8.66 

8 . 14 

7.51 

6.87 

6 . 20 

5 . 62 

5.36 

25 

3.40 

3 . 91 

4 . 42 

4.62 

4 . 78 

5 . 04 

5 . 17 

5.26 

5.25 

5.35 

5.51 

5.58 

5 . 45 

5 . 27 

5.07 

5.02 

5.08 


average ozone (ppmv) for Hay 


alt . 

z ( km ) 

i 

CO 

0 

1 

•^1 

o 

1 - 60 ' 

' - 50 * 

’ - 40 * 

' - 30 ‘ 

1 - 20 ’ 

1 -10 

lat 1 tude 

* 0 * 10 * 

20 * 

30 * 

40 * 

50 * 

60 * 

70 * 

B 0 * 

80 

- 

- 

. 30 

.31 

. 32 

. 36 

.40 

. 40 

.38 

.35 

.35 

.34 

. 32 

.28 

. 24 

. 19 

75 

- 

- 

. 23 

. 18 

. 17 

. 17 

. 17 

. 17 

. 17 

. 17 

. 19 

. 19 

. 20 

. 19 

. 19 

. 21 

70 

- 

- 

. 24 

.23 

.27 

. 28 

.28 

. 29 

.29 

. 30 

. 30 

.32 

. 34 

.35 

. 38 

. 42 

65 

- 

- 

. 45 

.52 

.57 

.63 

.64 

. 62 

.62 

.62 

.61 

.61 

.64 

.67 

. 69 

. 70 

60 

- 

- 

. 87 

.97 

1.06 

1 . 16 

1 . 18 

1 . 16 

1 . 16 

1 . 16 

1 . 15 

1 . 14 

1 . 14 

1 . 13 

1 . 11 

1 . 10 

55 

- 

- 

1 . 68 

1.73 

1.73 

1 . B 1 

1.86 

1 . 86 

1.85 

1.86 

1 . 86 

1.83 

1.78 

1.72 

1.67 

1.63 

50 

- 2.45 

2 . 54 

2 . 90 

2 . 91 

2.85 

2 . 82 

2.81 

2.80 

2.80 

2.82 

2.81 

2. 73 

2 . 63 

2.54 

2 . 49 

2 . 50 

45 

- 4.55 

4.90 

5 . 45 

5 . 41 

4.96 

4 . 54 

4.36 

4.31 

4.31 

4.36 

4.35 

4.24 

4 . 12 

4.07 

4.05 

4.21 

40 

- 6.44 

6.76 

7 . 41 

7.52 

7 . 41 

7 . 07 

6.81 

6.75 

6.86 

7.04 

7.04 

6.94 

6 . 84 

6.70 

6 . 42 

6 . 34 

35 

- 5.92 

5.90 

6.79 

7 . 45 

8 . 10 

8.58 

8.74 

8.75 

8.94 

8.98 

8.83 

8.61 

8 . 18 

7.45 

6.44 

5.70 

30 

- 5 . 18 

4.97 

5.62 

6.34 

7.21 

8.20 

9.00 

9.29 

8 . 95 

8.43 

8.08 

7.60 

7 . 07 

6 . 32 

5.31 

4.60 

25 

- 4 . 13 

4.49 

4.83 

4 . 98 

5 . 15 

5.22 

5 . 17 

5.22 

5.45 

5.53 

5.58 

5.47 

5 . 17 

4.82 

4 . 41 

4 . 15 


average ozone (ppmv) for June 
alt. latitude 


z { km ) 

- 80 * 

- 70 ' 

' - 60 * 

' - 50 * 

’ - 40 * 

' - 30 * 

- 20 * 

1 - 10 * 

' 0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

60 * 

70 * 

80 * 

80 

- 

_ 

- 

_ 

. 30 

.31 

. 30 

.31 

.31 

.30 

. 27 

.26 

.26 

.23 

. 18 

. 16 

. 16 

75 

- 

- 

- 

- 

. 18 

. 17 

. 16 

. 15 

. 15 

. 15 

. 15 

. 16 

. 18 

. 20 

.20 

. 21 

. 24 

70 

- 

- 

- 

- 

24 

. 28 

. 28 

.27 

. 27 

.27 

. 27 

. 30 

. 32 

. 35 

.38 

. 43 

. 47 

65 

- 

- 

- 

- 

.52 

. 56 

.61 

. 64 

. 64 

.65 

. 67 

. 66 

. 67 

.73 

.79 

. 83 

. 84 

60 

- 

- 

- 

- 

.93 

1.05 

1 . 15 

1 . 19 

1 . 19 

1.21 

1. 24 

1. 24 

1.23 

1.26 

1.27 

1. 24 

1.20 

55 

- 

- 

- 

- 

1.66 

1. 60 

1. 78 

1.84 

1. 84 

1.84 

1. 86 

1.86 

1.85 

1. 82 

1.75 

1.67 

1.59 

50 

- 

- 

2.35 

2.71 

2 . 84 

2.81 

2 . 86 

2.86 

2 . 84 

2.82 

2.84 

2 . 84 

2.75 

2.62 

2.48 

2 . 38 

2 . 33 

45 

- 

- 

4. 69 

5 . 46 

5 . 43 

4.95 

4. 67 

4.51 

4 . 44 

4.40 

4.42 

4 . 34 

4 . 19 

4 . 07 

3.96 

3 . 90 

3.96 

40 

- 

- 

6.70 

7.67 

7.67 

7.25 

7 . 04 

6.96 

6.93 

7.00 

7 . 12 

7.03 

6 . 88 

6 . 68 

6.38 

6 . 19 

6 . 19 

35 

- 

- 

5.86 

6.53 

7 . 44 * 

7.89 

8 . 37 

8.70 

8.89 

9.02 

9.00 

8.85 

8.54 

7.89 

7.03 

5.97 

5.42 

30 

- 

- 

5 . 12 

5 . 28 

6. 32 

7.02 

7.59 

8.29 

8.63 

8 . 49 

8.00 

7.78 

7.30 

6.77 

5 . 95 

4.85 

4.31 

25 

- 

- 

4.63 

5 . 07 

5 . 15 

5.03 

4. 89 

4.85 

4.94 

5.07 

5.02 

5.01 

5 . 00 

4.78 

4.38 

3.80 

3 . 52 
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TABLE 6 - continued 

average ozone (ppmv) for July 
alt. latitude 


z(km) 

-80- -70 * -60' -50* 

-40* 

-30* 

-20* 

-10* 

0* 

10* 

20* 

30* 

40* 

50* 

OT 

O 

70* 

o 

00 

80 

. 22 

. 25 

. 28 

. 29 

.28 

.27 

.27 

.24 

.24 

.23 

. 21 

. 17 

. 16 

. 16 

75 

.21 

. 18 

. 16 

. 15 

. 14 

. 15 

. 15 

. 15 

. 15 

. 16 

. 19 

. 20 

. 21 

.25 

70 

. 25 

. 24 

.27 

.26 

.26 

.26 

.25 

.24 

.26 

.31 

.35 

.38 

. 43 

. 48 

65 

- . 48 

.55 

.59 

.61 

.61 

.61 

.62 

.64 

.66 

.69 

.73 

. 79 

. 84 

. 85 


60 - - - - 1.00 1. 10 1. 15 1. 15 1. 15 1. 17 1.22 1.26 1.27 1.28 1.29 1.27 1.21 

55 - - - - 1.72 1.75 1.79 1.80 1.79 1.79 1.83 1.88 1.88 1.84 1.77 1.67 1.56 

50 - 2.09 2.59 2.86 2.90 2.87 2.82 2.78 2.77 2.85 2.91 2.85 2.70 2.54 2.42 2.33 

45 - 3.94 5.00 5.29 5.00 4.74 4.55 4.45 4.42 4.50 4.48 4.35 4.20 4.05 3.92 3.94 

40 - 6.11 7.23 7.49 7.29 7.21 7.17 7.11 7.14 7.23 7.14 6.96 6.78 6.44 6.03 5.95 

35 - 6.04 6.77 7.36 7.94 8.38 8.81 9.01 9.11 9.03 8.87 8.52 7.95 6.99 5.82 5.18 

30 - 5.18 5.28 6.20 6.80 7.43 8.16 8.49 8.45 7.98 7.73 7.24 6.55 5.69 4.66 4.06 

25 - 4.66 5.03 5.15 5.02 4.89 4.83 4.95 5.10 4.97 4.87 4. BO 4.63 4.18 3.57 3.24 

average ozone (ppmv) for August 
alt. , latitude 


z(km) 

-80* -70* -60* 

i 

cn 

o 

0 

1 

-30* 

-20* 

-10* 

0* 

10* 

20* 

o 

r> 

40* 

50* 

b 

to 

70* 

00 

o 

80 

.24 

. 26 

.29 

.30 

.31 

.29 

.28 

.28 

.29 

.26 

. 22 

. 19 

. 16 

. 14 

. 14 

75 

.24 

.21 

. 19 

. 18 

. 16 

. 15 

. 15 

. 15 

. 16 

. 15 

. 14 

. 16 

. 17 

. 18 

.20 

70 

.27 

. 24 

. 26 

.28 

.27 

. 26 

.26 

.26 

.26 

.25 

.27 

. 31 

.34 

. 36 

. 39 

65 

. 49 

.53 

. 58 

.59 

.60 

.60 

.60 

.60 

.58 

.59 

.62 

.65 

.67 

.70 

.71 

60 

.88 

. 96 

1.07 

1. 15 

1. 17 

1. 16 

1. 13 

1. 12 

1. 13 

1.16 

1.20 

1. 20 

1. 17 

1. 15 

1. 12 


55 - 1.25 1.69 1.80 1.82 1.82 1.81 1.78 1.76 1.78 1.84 1.86 1.80 1.73 1.67 1.61 

50 - 1.96 2.26 2.69 2.98 2.95 2.87 2.80 2.75 2.75 2.83 2.92 2.91 2.77 2.66 2.58 2.50 

45 - 3.26 4.01 4.92 5.25 5.01 4.73 4.51 4.40 4.42 4.58 4.67 4.60 4.44 4.31 4.16 4.01 

40 - 4.76 5.92 7.15 7.57 7.46 7.37 7.24 7.13 7.17 7.34 7.30 7.09 6.84 6.49 6.02 5.49 

35 - 5.27 6.28 7.39 7.87 8.21 8.69 9.26 9.30 9.38 9.24 8.83 8.40 7.75 6.85 5.79 4.81 

30 - 5.26 5.13 5.78 6.42 6.91 7.56 8.61 8.74 8.75 8.36 7.81 7.28 6.45 5.52 4.49 3.76 

25 - 4.43 4.53 4.96 5.11 5.04 4.92 4.84 4.96 5.10 4.99 4.87 4.77 4.49 3.98 3.49 3.18 


average ozone (ppmv) for September 


al t. 
z( km) 

-80* 

-70* 

-60* 

-50* 

0 

1 

-30 

■20* 

-10 

latitude 
* C' 1C* 


3C 

/o • 

50* 

o 

CD 

70* 

03 

o 

80 

. 24 

.27 

. 31 

.34 

. 36 

. 36 

. 33 

. 30 

. 28 

.27 

.30 

.31 

.30 

. 25 

.21 

. 19 

. 16 

75 

. 28 

.30 

.27 

.24 

.21 

. 18 

. 17 

. 16 

. 16 

. 16 

. 16 

. 16 

. 16 

. 16 

. 15 

. 16 

. 19 

70 

.30 

.30 

. 26 

.26 

.27 

. 28 

. 28 

.26 

.25 

.26 

.25 

.24 

. 24 

. 25 

. 26 

.26 

. 28 

65 

. 47 

.51 

. 52 

.55 

.57 

. 57 

. 57 

.58 

.59 

.57 

.54 

. 52 

.52 

. 52 

.50 

. 49 

. 50 

60 

- 

.89 

. 92 

.99 

1. 06 

1. 11 

1. 14 

1. 16 

1. 13 

1. 10 

1.09 

1.08 

1.07 

1.06 

1. 00 

.90 

.05 


55 - 1.44 1.54 1.67 1.74 1.79 1.82 1.83 1.80 1.78 1.78 1.78 1.75 1.71 1.63 1.53 1.51 

50 2.06 2.19 2.43 2.76 2.92 2.87 2.82 2.78 2.74 2.75 2.79 2.82 2.81 2.76 2.72 2.64 2.60 

45 3.38 3.65 4.20 4.82 5.03 4.85 4.62 4.41 4.31 4.37 4.56 4.69 4.70 4.69 4.71 4.59 4.18 

40 4.84 5.32 6.28 7.21 7.64 7.61 7.43 7.16 7.00 7.06 7.28 7.34 7.20 7.03 6.77 6.14 5.15 

35 5.39 6.02 6.85 7.66 8.28 8.73 9.12 9.28 9.2B 9.27 9.17 8.90 8.42 7.75 6.92 5.82 4.83 

30 5.26 5.41 5.86 6.39 6.89 7.42 8.06 8.55 8.72 8.65 8.16 7.68 7.11 6.24 5.35 4.45 3.98 

25 4.21 4.18 4.68 5.06 5.17 5.16 5.00 4.95 5.04 5.11 4.92 4.79 4.74 4.49 4.07 3.60 3.28 
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TABLE 6 - continued 

average ozone (pprav) for October 
alt. latitude 


z(km) 

i 

CD 

O 

- 70 * 

0 

CD 

1 

- 50 * 

- 40 ‘ 

1 - 30 * 

' - 20 * 

1 - 10 ' 

' 0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

60 * 

70 * 

CD 

o 

80 

.28 

.36 

. 40 

.42 

. 40 

. 35 

.31 

.31 

.31 

.29 

.28 

.29 

.31 

. 29 

.24 

. 19 

. 12 

75 

.24 

.23 

. 22 

. 22 

.20 

. 18 

. 18 

. 19 

. 19 

. 17 

. 17 

. 17 

. 17 

. 20 

.25 

.27 

.22 

70 

.37 

.35 

.34 

.32 

.31 

.29 

.29 

.28 

.27 

.26 

.26 

.25 

.24 

.22 

.25 

.34 

.33 

65 

.61 

.59 

.58 

. 56 

.56 

.56 

.56 

.55 

.54 

.53 

.60 

.55 

.55 

.51 

. 46 

. 43 

- 

60 

1.04 

1.01 

1.01 

1.02 

1.06 

1 . 10 

1 . 13 

1 . 13 

1 . 11 

1 . 11 

1.09 

1.03 

.96 

.87 

.78 

.74 

- 

55 

1.56 

1.58 

1.64 

1.67 

1.73 

1.79 

1.84 

1. 86 

1.86 

1.85 

1.81 

1.73 

1.65 

1.60 

1.51 

1.38 

- 

50 

2.34 

2.42 

2.63 

2.73 

2.75 

2.73 

2.76 

2.78 

2.78 

2.78 

2.75 

2.70 

2.74 

2.78 

2.71 

2 . 51 

2.26 

45 

3.69 

3.86 

4.26 

4.51 

4 . 59 

4.52 

4 . 45 

4.36 

4.31 

4 . 36 

4.50 

4.64 

4.90 

5.09 

5.00 

4.53 

4 . 07 

40 

5.44 

5.94 

6.70 

7.23 

7.53 

7.51 

7.35 

7.09 

6.91 

6.94 

7 . 14 

7.26 

7.25 

7.07 

6.74 

6 . 11 

5.25 

35 

6.20 

6.86 

7.61 

8 . 17 

8.61 

9.05 

9.37 

9.43 

9 . 33 

9 . 29 

9 . 18 

8.74 

7.92 

7.21 

6 . 68 

5 . 93 

5. 06 

30 

5.82 

6.09 

6 . 47 

6.79 

6 . 98 

7.55 

8.20 

8.80 

8 . 99 

9 . 09 

8.67 

7.85 

6.80 

6.00 

5. 39 

4.91 

4.43 

25 

4.07 

4 . 53 

5 . 27 

5 . 29 

5 . 10 

5.09 

5.07 

4.97 

4.93 

5 . 02 

4.94 

4.82 

4.71 

4.59 

4.38 

3 . 93 

3 . 42 


average ozone (ppmv) for November 
alt. , latitude 


z(km) 

- 80 ' 

1 - 70 ' 

’ - 60 * 

' - 50 ' 

1 - 40 ' 

1 - 30 * 

- 20 ' 

- 10 ' 

0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

o 

CD 

70 * 

CD 

o 

80 

. 16 

. 18 

. 22 

. 25 

.28 

.29 

.29 

. 31 

.33 

. 34 

. 34 

. 32 

.32 

.27 

. 21 

- 

- 

75 

.23 

.21 

.21 

. 19 

. 19 

. 18 

. 18 

. 19 

. 19 

. 18 

. 19 

. 20 

.20 

.24 

.24 

- 

- 

70 

. 43 

.41 

. 39 

.37 

. 34 

.32 

. 30 

.28 

.27 

. 26 

.27 

.26 

. 25 

. 26 

. 34 

- 

- 

65 

.73 

.71 

.68 

.64 

.60 

.58 

. 56 

.54 

. 54 

.55 

.61 

.58 

.54 

. 49 

. 46 

- 

- 

60 

1 . 17 

1 . 17 

1 . 16 

1 . 15 

1 . 15 

1 . 14 

1 . 13 

1 . 12 

1 . 10 

1 . 10 

1.09 

1.02 

.89 

.78 

.79 

- 

- 

55 

1.65 

1.70 

1.76 

1.79 

1.82 

1. 84 

1. 85 

1.85 

1.85 

1.84 

1.80 

1.72 

1.63 

1.48 

- 

- 

- 

50 

2 . 40 

2 . 45 

2 . 57 

2.61 

2.63 

2.66 

2.71 

2.75 

2.78 

2.76 

2.68 

2.65 

2.67 

2.66 

2.43 

2 . 17 

1.77 

45 

3.98 

4.00 

4 . 13 

4 . 14 

4 . 13 

4 . 17 

4.26 

4.27 

4.29 

4.32 

4.37 

4.58 

4 . 96 

5 . 00 

4.60 

3.97 

3.03 

40 

6 . 10 

6.27 

6.53 

6.80 

6.91 

6 . 97 

7 . 00 

6 . 87 

6.74 

6.75 

6.89 

7.07 

7 . 14 

6.96 

6 . 40 

5.78 

4 . 42 

35 

6 . 18 

6.57 

7 . 16 

7 . 87 

8.45 

8 . 83 

9 . 10 

9.04 

8.72 

8.67 

8 . 47 

8.05 

7.36 

6.77 

6 . 10 

5.74 

4 , 50 

30 

5.37 

5 . 58 

6 . 13 

6. 65 

7.21 

7 . 84 

8 . 40 

8.88 

8.91 

8.71 

8 . 18 

7 . 41 

6 . 19 

5.64 

5 . 29 

5.04 

3 . 53 

25 

4.35 

4 . 52 

4. 94 

5.01 

5.08 

5 . 22 

5.26 

5 . 26 

5 . 12 

5.05 

5.05 

4.97 

4.81 

4.75 

4 . 45 

3.96 

2 . 98 


average ozone (ppmv) for December 
alt. latitude 


z(km) 

- 80 * 

1 - 70 * 

- 60 ' 

1 - 50 * 

- 40 ' 

’ - 30 * 

' - 20 ' 

’ - 10 * 

0 * 

10 * 

20 * 

30 * 

40 * 

50 * 

60 * 

70 * 

80 * 

80 

. 17 

. 17 

. 17 

. 19 

. 22 

.23 

. 26 

.30 

. 30 

. 31 

.32 

.30 

.29 

.27 

- 

- 

- 

75 

.26 

.23 

.22 

. 19 

. 17 

. 15 

. 16 

. 17 

. 17 

. 17 

. 19 

.22 

.25 

.26 

- 

- 

- 

70 

. 51 

. 47 

. 42 

.38 

.35 

.31 

. 28 

. 28 

.27 

.26 

.27 

.29 

.29 

.33 

- 

- 

- 

65 

.85 

.82 

.77 

.71 

. 66 

. 64 

. 62 

. 58 

.56 

.56 

. 55 

. 6 G 

. 64 

.55 

- 

- 

- 

60 

1. 23 

1. 25 

1. 26 

1.23 

1.22 

1 . 22 

1 . 19 

1 . 12 

1.08 

1.08 

1 . 10 

1. 08 

.97 

1.03 

- 

- 

- 

55 

1.58 

1.66 

1.76 

1.83 

1.88 

1. 89 

1.86 

1.82 

1.80 

1.80 

1.79 

1.74 

1.68 

1.78 

- 

- 

- 

50 

2.31 

2.38 

2.49 

2.55 

2.64 

2.71 

2.74 

2.76 

2.79 

2.76 

2.73 

2.70 

2.66 

2.42 

2 . 11 

1.67 

1. 54 

45 

3.87 

3.88 

3.95 

3.98 

4.07 

4 . 18 

4.29 

4.36 

4 . 42 

4.44 

4 . 51 

4.67 

4.93 

4.66 

3.93 

2 . 84 

2 . 58 

40 

6.04 

6.08 

6.26 

6.53 

6.74 

6 . 90 

7.04 

7.04 

6.95 

6.94 

6.97 

7.03 

7.04 

6.68 

5 . 84 

4.69 

4 . 33 

35 

5.84 

6 . 18 

7.00 

7.79 

8 . 37 

8 . 80 

9 . 14 

9 . 17 

8.78 

8 . 43 

8 . 03 

7.69 

7 . 19 

6 . 54 

5 . 98 

5 . 28 

5 . 13 

30 

4.57 

4.95 

5 . 91 

6 . 83 

7.54 

8 . 09 

8.55 

8 . 92 

8.76 

8.27 

7 . 48 

6.93 

6.21 

5.60 

5 . 42 

4.52 

4 . 48 

25 

3.75 

3 . 94 

4.56 

4. 86 

5.07 

5 . 18 

5 . 16 

5.08 

4 . 90 

4.92 

4.96 

5 . 10 

5 . 11 

5.08 

4 . 59 

3.83 

3 . 81 
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Figure 12 Comparison of annual mean ozone volume mixing ratio (ppmv) at 45 N based 
on the satellite data model of Table 4 and based on the balloon and rocket data model ot 
Krueger and Minzner [3], On the left (a) is shown the vertical structure in the two 
models and on the right (b) the percent difference from the satellite data model of the 
Krueger and Minzner model. 
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Figure 13. Comparison of annual mean ozone reference model with annual means of 
long-term balloon and Umkehr measurements. 



LOG PRESSURE (MB) 


28 


0} LOW LATITUDE 


b) MID LATITUDE 


c) HIGH LATITUDE 
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Figure 14. Variation of ozone mass mixing ratio with total ozone (from Mateer et al. [6]). 

(a) low-latitude ozone profiles for total ozone of 200, 230, 250, and 300 Dobson units 

(b) midlatitude ozone profiles for total ozone of 200, 250, ... 550 Dobson units 

(c) high-latitude ozone profiles for total ozone of 200, 250, 650 Dobson units. 
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Figure 15. Biennial component of zonal mean ozone variation based on 7 years of 
Nimbus 4 BUV measurements. Contour interval is 2 Dobson units; solid lines are 
positive and the shaded area with dashed lines negative (Tolson, [13]). 
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Figure 16. Variation of global yearly average total column ozone expressed as 
percent deviation from the mean based on ground-based Dobson spectrophotometers 
as well as M-83 ozonometers (Angell and Korshover, [83]). 
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Figure 17. Vertical profile of the ozone diurnal variation calculated in a one- 
dimensional model and the corresponding values obtained from LLMS data after 
correction for non-LTE effects, assuming quenching rates of 1 and 2 x lO - * 4 cm 3 
s -1 (from Solomon et al.[37J). 
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Figure 18. Comparison of Nimbus 7 LLMS measurements of zonal mean ozone and 
temperature obtained within 20° of the equator (Keating et al.[73]). 
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solar rotation variations [72-75,123] , diurnal variations [37,38,76,77] , longitudinal 
variations [2, 11, 78, 79] , volcanic eruptions [69,80], possible response to nuclear explosions 
[81], long-term trends [71,82,83], 4-year oscillations [14], response to stratospheric 
temperature [84-86], response to sudden winter warnings [87], and response to solar proton 
events [88,89]. 

The quasibiennial variation in ozone is thought to be related to the quas Ibiennlal variation 
in equatorial zonal winds [90]. Shown in Figure 15 [13] is the biennial component of the 
zonal mean total ozone variation based on 7 years of Nimbus 4 BUV data. The contour interval 
Is 2 Dobson units v' th the solid lines positive and the shaded area with dashed lines 
negative. Referring back to Figure 3, it may be seen that in the low and midlatitude regions 
the large interannual variations correspond to regions of large quasiblennlal variation. 
However, since the variation is quasibiennial as opposed to biennial, the phase indicated in 
Figure 15 will change with time. There is also evidence that the period of the quasibiennial 
variation may vary somewhat with latitude [91] and that the latitude of maximum quasibiennial 
variation may vary somewhat with time [14]. 

Evidence has accumulated that variations in ozone with a period of the order of 11 years 
occur at various locations. On the other hand, there has been a lack of consensus as to 
whether these variations are related to the 11-year solar activity- cycle. The early studies 
which were performed were reviewed by Keating [70], Recent empirical studies on the possible 
response of ozone to 11-year solar variations include the works of Reinsel et aJ. [ 92 ] , 
Oehlert [93], Chandra [94], and Keating et aJ . [15]. From a study of Umkehr data, Reinsel et 
ai. [92] estimate a 3% variation in ozone over the solar cycle near 36 km superimposed on a 
3 X per decade linear decline which may be associated with anthropogenic effects. Long term 
variations In total column ozone have been detected using the global Dobson network. Shown 
In Figure 16 are estimates of percent variation In global mean ozone based on those 
measurements as determined by Angell and Korshover [83]. Maximum values appear to occur near 
the times of solar maxima. It has now been established that there are solar UV variations of 
the order of 57, at wavelengths between 180 end 209 nm associated with the 27-day rotation 
period of the sun [95,96]. Analyses of satellite data are indicating a clearly detectable 
ozone response in both the stratosphere and mesosphere to these short-term solar variations 
[72-75,97,98,123]. Peak positive responses are detected near 40 km and peak negative 
responses [associated with solar Lyman-a radiation) are detected near 70 km [123]. 

The SME mesospheric measurements from which the mesospheric ozone models are based are 
dayslde measurements. Observations and theoretical models show that mesospheric ozone is 
higher on the night side [37,38,51,76,77,99-103]. Shown in figure 17 Is the nlght/day ozone 
ratio at the equator (January 13, 1079) based on Nimbus 7^ LIW3 data after correcting for 
non-LTE effects, assuming quenching rates of 1 and 2*lCf 14 cm s’ 1 [37]. The photochemical 
model results shown in the figure employ the photochemistry in the two-dimensional model of 
Garcia and Solomon [104]. The nlght/day ratios given In Figure 17 are also in good agreement 
with the model of Allen et ai. [51], This model [51] appears to be fairly consistent with 
most of the measurements obtained at different latitudes, seasons, and altitudes of 
mesospheric diurnal variations. 

Due to the temperature dependence of rate constants in the middle atmosphere, temperature 
decreases can result in Increases of upper atmospheric ozone in regions approaching 
photochemical equilibrium [84]. Other processes can also lead to negative correlations 
between ozone and temperature [105]. The sensitivity of ozone to temperature variations 
reaches a maximum value near the stratopause of about 2 */• increase in ozone per Kelvin 
decrease In temperature. Shown in Figure 18 is an example of the negative response of upper 
stratospheric ozone to temperature variations [73]. Shown is the negative correlation 
between zonal mean temperature and ozone from 2 mb Nimbus 7 LI MS measurements within 20 * of 
the equator. In addition to the stratospheric ozone response, the mesospheric ozone is found 
to be strongly affected by temperature variations [20]. 

- 8. RECENT RESULTS 

The Inversion algorithm for the SAGE ozone data has been refined and the resulting SAGE data 
was combined with the other satellite data sets and used to generate improved reference 
models [124]. However, the improved models are within SV. of the tabulations provided here. 
Also Included in [124] are latitudinal seasonal models of nlghtside mesospheric ozone based 
on the Nimbus 7 LIMS data. Results concerning recent trends in column ozone and ozone 
profiles are summarized in the most recent Ozone Trends Panel report [125]. This report also 
identifies biases between measuring Instruments. 
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ABSTRACT 

Improvements are provided here for the ozone reference model which is to be ' n ^P° r <'^d 
n the COSPAR International Reference Atmosphere (C1RA). The ozone reference r node 1 vll 1 
provide considerable Information on the global ozone distribution ncluding ozone 
vprMral structure as a function of month and latitude from approximately 25 * 

wi h P the 0d o on reference model within 15 percent and result 'n modification in he 

conditions T-^IO p^, KX a^S Nimbus ^l^^^n ^ S ' ^ 
tn 0 05 mb (* 54 to 70 km). Minimum nightside ozone mixing ratios occur at about . 

)° T h e rat 1o of nightside LIMS data to dayside (- 3 p.m.) SME data gives diurnal 

^ y re t y \ncident s^er Sun at m id latitudes and the equinoctial Sun at the qua 
Comparisons are shown between the ozone reference model and various non-satellite 
measurements at different levels in the middle atmosphere. 

INTRODUCTION 

An ozone reference model is being developed for incorporation in the next COSPAR 

sfsssa s'srsrsss 

contemporary satellite experiments: Nimbus 7 B G A ExD eri^nt (SAGE), Solar 

S= 3H 

variations, possible 4-year oscillations, and long-term trends. 

In tM. ».p=n. U. Mblb Of »rttal K,^S,"SS Jm 5S 

SB S.-S.-JS -sris.'s? ‘3 1 ? “3 ” °C JRSSM’B 

Nimbus 7 LIMS data from 0.5 mb to 0.05 mb (- 54 to 70 km). The 
compared with various non-satellite measurements of ozone. 

The pressure range and time intervals of the data used in these improved models are shown 
in Table 1. 



TABLE 1 Satellite Data Used for Improved Ozone Reference Models 


Instrument 

Incorporated 
Pressure Range 

Incorporated 
Time Interval 

Nimbus 7 LIMS 

0.5 - 

20 mb 

11/78 - 5/79 


0.05 - 

0.5 mb (night) 

11/78 - 5/79 

Nimbus 7 SBUV 

0.5 

20 mb 

11/78 - 9/82 

AE-2 SAGE 

5 

20 mb 

2/79 - 11/81 

SHE UVS 

0.07 - 

0.5 mb 

1/82 - 12/83 

SHE IR 

0,003 - 

0.5 mb 

1/82 - 12/83 

Nimbus 7 TOMS 

TOTAL 


11/78 - 9/82 
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Figure 1. Comparison of ozone mixing ratios from five satellite experiments. 
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Figure 2. Comparison of reprocessed SAGE ozone data with improved reference model. 
The percent deviation from the model shown here represents the maximum deviations 
detected. 
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Figure 3. Improved reference model of ozone volume mixing ratios (ppmv) 
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COMPARISON BETWEEN KRUEGER-M1NZNER MODEL 


AND SATELLITE MODEL OF OZONE 



Figure 4. Comparison between Krueger- 
Minzner annual mean ozone model (45°N) 
and model of ozone based on satellite data. 


Figure 5. Nimbus 7 LIMS measurements 
of dayside equatorial ozone (Jan. 13, 1979) 
before (LIMS LTE) and after (LIMS NLTE) £ 
correction for non-LTE effects. The two LIMS 1 
NLTE curves are for different quenching rates. * 
Also shown is a comparison between SME day- s 
side ozone measurements in January 1982 and £ 
the LIMS measurements corrected for non-LTE 
effects from (J\6f). 


NIGHT DAY OZO fiC R*TIO IN EQUATORIAL MESOSPHERE 


DAYSIDE MESOSPHERIC OZONE MEASUREMENTS 




h.rjhl/Doy 0/or>r RoliC 
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Figure 6. Night-to-day ozone ratio based on 
LIMS nightside measurements and the uncor- 
rected (LIMS LTE) and corrected (LIMS NLTE 
for the two quenching rates) LIMS dayside 
measurements. The observations are compared 
with the photochemical model of Garcia and 
Solomon /2 1/ (from /16/). 
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COMPARISONS WITH SAGE 

The Applications Explorer Mission-2 Stratospheric Aerosol and Gas Experiment (SAGE) used a 
four-channel Sun photometer which measured solar Intensity at sunrise and sunset to derive 
ozone, aerosols, and NO, concentrations. Absorption of 0.6 micron solar radiation by 
ozone allowed determination of the vertical structure of ozone to be obtained up to 30 
times per day from February 1979 until November 1981. The early validation of the SAGE 
measurements is described in some detail by /6 / and 111, Recently, the algorithm for 
determining ozone mixing ratios has been refined. We Incorporate here a provisional 
version of the refined (sunset) data which has been provided by the experimenter. The 
data have been Interpolated to the model latitudes, times, and pressures. 

The reprocessed SAGE data Is found to have very good agreement with the ozone reference 
model. Shown In Figure 1 is an example of the agreement between the five data sets used 
to generate the models of the ozone vertical structure from 20 mb to 0.003 mb (- 25-90 
km). Note that the mixing ratio Is displayed on a log scale to allow accurate 
representation of the two orders of magnitude variation over this altitude range. It 
should be recognized that each data set represent entirely different techniques of 
measuring the vertical structure of ozone. The agreement shown Is fairly representative. 
The reprocessed monthly SAGE data Is shown by right triangles and closely matches the 
other data sets. 

The vertical structure models arc generated giving the 4-year mean of the SBUV data a 
weight of 2 due to the combination of extensive temporal and spatial coverage, while the 
other shorter data sets are given a weight of 1. The resulting updated model is compared 
with the reprocessed SAGE data in Figure 2. Over the latitudinal range of SAGE data 
provided for September, the SAGE data gives values near the Equator which are less than 15 
percent higher than the reference model. This is the worst case of all months and 
results in less than a 4 percent modification in the reference model at 20 mb near the 
Equator for September. Thus, there are very small differences between this reference 
model, which is available upon request, and the Keating and Pitts tabulation / 4 / . 

The resulting ozone distributions for the equinox and solstice months are shown in Figure 
3. Shown in Figure 4 is a comparison of the Krueger and Minzner / 8/ annual mean ozone 
reference model of 45N latitude, which Is given in the U.S. Standard Atmosphere, 1976, and 
the updated ozone reference model provided here. The Krueger and Minzner model is based 
on rocket and balloon soundings and takes into account the latitudinal gradients in ozone 
near 45N from Nimbus 4 BUV observations. As may be seen, there is good agreement between 
the balloon and rocket model and the satellite measurement model, especially over the 
pressure range of the SAGE measurements Incorporated here. 

NIGHTSIDE MESOSPHERIC MODEL 

The SME mesospheric measurements from which the mesospheric ozone models are based are 
dayside measurements (- 3 p.m.). Observations and theoretical models show that 
mesospheric ozone is higher on the nlghtslde (Hllsenrath 79/ ; Anderson et al. / 1 0 / ; Wilson 
and Schwartz / 1 1 / ; Lean / 1 2 / ; Vaughan / 1 3/ ; Remsberg et al. 714/; Allen et al. / 1 5/ ; 
Solomon et al. / 1 6 / ; Green et al. / 1 7 / ; Lobsiger and Kunzi / 1 8/ ; Bjarnason et al. / 1 9/ ) . 
The Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS) (Russell / 20/ ) ODcainep 
mesospheric measurements on both the nlghtslde and dayside. The LIMS instrument, a six- 
channel cryogenl cal ly cooled radiometer, had a number of channels to measure temperature 
and various species and included an ozone channel near 9.6 microns. Detailed validation 
studies have been described by Remsberg et al. / 1 4 / . Solomon et al. / 16/ have shown that 
the LIMS dayside measurements of the mesosphere should be corrected for nonlocal 
thermodynamic equilibrium (non-LTE) effects. Shown in Figure 5 is an example of a LIMS 
dayside profile before (LIMS LTE) and after (LIMS NLTE) correction for non-LTE effects. 
After this correction, Solomon et al. / 1 6 / point out there was good agreement between 
dayside LIMS and SME measurements. Shown In Figure 6 is the night-day ozone ratio based 
on LIMS nightside measurements and the uncorrected (LIMS LTE) and corrected (LIMS NLTE for 
two quenching rates) LIMS dayside measurements. As may be seen after the non-LTE 
correction, the ozone ratio is in good agreement with the photochemical model. The 
photochemical model results shown in the figure employ the photochemistry In the 2- 
dlmenslonal model of Garcia and Solomon /2 1 / . Since the correction for non-LTE effects in 
the dayside mesosphere have not been applied to the LIMS data as a whole, we have chosen 
to use only the SME data to represent the dayside mesosphere and nightside LIMS data to 
represent the nightside mesosphere. 

Shown in Table 2 are the monthly nightside (ascending) zonal means of Ka Imon- f 1 1 tered LIMS 
ozone volume mixing ratios (ppmv) (Remsberg et al. 1221) from the LIMS Map Archival Tape 
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TABLE 2 Nigntside Mesospheric Ozone Volume Mixing Ratios (ppmv) 

03 ZONAL ULAN 00 


-60 -50 -40. —30 -20 -le. 0 

0 05 

0 07 

e 10 1.40 1.59 1.55 1.52 1.47 1.61 1.63 

0.15 1.46 1,40 1,45 1 44 1.41 1.46 1.46 

0 20 1,49 1.40 1.45 1.45 1.43 1.45 1.43 

e ' 30 1 50 1.55 1-53 1.54 1.54 1.56 1.53 

MB 1,92 1.07 1 86 1.87 1.88 1.90 1.88 


03 ZONAL ULAN NOV 

-60 -50 -40. -30. -30 -10 0 

0 05 

0 07 

0 ie 1.63 1.60 156 1 *8 1.50 1.46 

0 15 1.49 1.48 1.46 1 39 1.39 1 36 

0 20 1.47 1.46 1.46 1.41 1.39 1.36 

e 30 1.53 1.54 1.56 1.52 1.31 1.47 

0 50 1,83 1 8 * 1 87 1 87 1 69 1.86 


03 ZONAL ULAN GEC 

-60 -30 -4e -30 20 -ID 6 

e 05 1 46 1 . 42 1.40. 

0 07 1.43 1.36 1.33 

e 10 1 . 72 1.75 1.60 1.41 1.33 1.30 

0.15 1 55 1.55 1 46 1.37 1.31 1.27 

0 26 l.5i 1 50 1 4 5 1 40 1.35 1.3? 

0 30 1.56 1 56 1.54 1.51 1.48 1.45 

0 50 18* 1 65 1 86 1.87 1 90 1.90 


03 ZONAL UEAN JAN 

-6e -5e -46 -ie -20 -10 e 

e 05 1 41 1.43 1. 47. 

e 07 1.32 1.35 1,39 

O 10 1.73 1.73 1.46 1 29 1.31 1.34 

O 15 1 53 1.33 1.4 1 1.31 1.32 1.33 

0.20 1.52 1 31 1 45 1.38 1,37 1.37 

0 30 1.39 1 60 1.36 1.31 1.46 1.43 

0 50 1 89 1 92 1,92 1 69 1.83 1.78 


10. 20. 30. 40 50 60 70 00. 

1.47 1.39 1.38 1.39 2.08 2.17 

1.36 1.32 1.33 1.42 1.61 1.66 

1.57 1.42 1.30 1.29 1.33 1.31 1 . 30 1.31 

1.43 1.38 1.31 1.28 1.29 1.26 1.22 1.21 

1.41 1.4? 1.37 1.34 1.34 1.31 1.27 1.24 

1.53 1 33 1.51 1 49 1 47 1.45 1.45 1.43 

1.87 1.89 1.91 1.94 I 99 2.03 2.08 1.96 


10 20 30 40 30. 60 70. 80 

1.51 1.40 1.39 1.60 2.20 2.14 

1 42 1.3.1 1,31 1.49 1.66 1.73 

1.49 1.44 1.37 1 . JO 1.27 1.29 1.33 M3 

1.38 l 40 1.35 1.30 1.23 1.24 1.22 1,24 

1.39 1.43 1.40 1.36 1.31 1.79 1.24 1.22 

1.32 1 .56 1 34 1 30 1.44 1.42 1.3B 1.33 

1.89 1.92 1.94 1.99 2.01 2.03 1.95 1.85 


10 20. 30 40 36 60 70. 80 

1.30- 1.40- 1.34. 1.63 2.17 2.31 2 06 

— — 1.38 1 40 1.4? 1.47 1.70 1.78 1.72 

1.32 1.33 1 .41 t.36 1.36 1.38 1.41 1.45 

1.30 1.35 141 1 . 3E 1.31 1.27 1.26 1,27 

1.33 1.41 l 46 1.4! 1 35 1.29 1.24 1.23 

1 49 l 54 1 57 1.52 146 1 .4 I 1 30 126 

1.92 l 92 1 94 1.96 1.96 1.88 1 70 1.63 


10 20 30 40 50. 60 70 Be. 

1.51* 1 M9 IMP. i.4i. 1.72. 2.06* 2.32 2 28 
1.43 1 46 1 43 I 43 1.36 1,71 1.84 1.80 

1.37 1 35 1 40 1.45 1 46 1.47 1.49 1.47 

1,34 1.34 1.41 1.45 1.42 1.39 1.35 1.32 

1.37 1 39 1.47 1.52 1.47 1.42 1.34 1.31 
1.47 1.52 1.61 1.64 1.61 1.55 1.45 1.40 
1,84 1.91 201 2)1 2.11 2.05 1.88 1.78 


03 zonal ulan rre 

-6e -5C . -40 -30 -76. -10 e 

e CJ 1.35. 1 50* 1 63 

e C7 1.31 1.43 1.51 

010 1.12 1 69 l se 1.34 1 30 1 40 1.44 

p }*, i 23 1.34 1.40 1.33 1.37 1.39 l 40 

0 :c < 3* 1.49 1.41 1.39 1 . 4J 1.42 

e 30 1.52 1 61 1.60 1.55 l 5C 1.52 1-50 

g .0 1 90 1 94 1 98 1.9’ * . 89 1 66 1.62 


03 ZONAL uGAN UAP 

-60 -50 -40 -30 -20 -10 0 

0 05 1 .83 

o it ,48 1 .38 1.36 141 161 1.65 

015 l 42 1.45 1.38 1.37 1.43 1 32 1 .33 

0 2e 1.47 1 . 4e 1 44 14? 1 47 1.52 1.52 

C 30 1.59 1.59 1 56 !.5« 1.57 1.61 1.39 

0 50 1.98 1.9? 1 96 1 93 1.93 1.94 1.91 


03 ZOnal uCAN Af'N 

-66 -50 -40 -30 -20 -16. 0 

0 05 t . 39 1.34 1,37. 1.50 — 

0 07 t .34 1.29 1.27 1.37 

D 10 1.31 1.27 1.23 1-31 1.33 1 .75 1 .79 

0.15 1.27 1.28 1.26 1.33 1.48 l . 60 1.62 

e.2e 1.3? 1.33 1.36 1 . * i 1.30 1.38 1.59 

0 3C 1 48 1.51 1.30 1.33 1.60 1.63 1 66 

0 50 2.0? 2 00 1 94 1.92 l 96 1.99 1.98 


03 ZONAL ULAN MAY 

-66 -30 -46 -30. -20. -10 0. 

0.03 1.84» 1,16* 1.18* 1.37* 

0.0? 1.52 1 20 1.20 1,30 

0 10 1.31 1.23 1 23 1.27 1,46 1 .68 1 ,74 

B.15 1.23 1.24 1.25 1.30 1.42 1.55 1.59 

O 20 1.28 1.32 1.33 1.37 1.43 1.54 1.57 

e 5B 1.43 1.31 1.51 1.52 1.36 1 63 1.65 

6 56 2.1! ? 13 2.B* 1.95 1.94 1.95 1 96 


10. 20 30 40 30 M 70. 6C 

1 60* 1 36 1 ,44 1 30 1 .6e 2.01 2.32 2.65 

1.52 1.42 1.37 1.45 1.50 1.71 1.93 2.01 

1,46 1.38 1.33 1.4? 1.44 1.51 '.53 '.38 

1 40 1 3G 1.37 1 41 l 40 1.4J 1.43 I 48 

1 42 I 40 I .43 1*6 1 46 1.47 1.47 1.51 

1 52 1.34 1.56 1.6! 1.61 ! . M 1.67 1.71 
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( LAMAT ) interpolated to the standard levels in the models. An **" is placed after values 
where the error in zonal mean Is estimated to exceed 20 percent. Values are shown between 
0.5 mb and 0.05 mb {when available) from 60S to 80N. Values between 505 and 60N are near 
10 p.m. At the highest latitudes, earlier local solar times occur. 

Shown in Figure 7 is the reference model for January, Equator. The LIMS nighttime values 
from 1 mb to 0.05 mb are seen to depart from the dayside model above 0.5 mb (• 54 km). 
Below 0.5 mb, little diurnal variability occurs due to the lower dayside 0/0, ratio at 
lower altitudes resulting in less production of ozone on the nightside. In Figure 8, a 
similar pattern is shown for January, 60N (winter). Again, substantial day-night 
variations do not appear to occur below 0.5 mb. Referring to the table, it may be seen 
that a minimum mixing ratio generally occurs on the nightside near 0.2 mb (• 61 km). As 
may be seen in Figures 7 and 8, a dayside minimum occurs at much higher altitudes, 75 or 
80 km. 

Shown in Figure 9 is the night-day ozone ratio for January, based on 1980 LINS (- 10 p.m.) 
and 1982-1983 SHE {■ 3 p.m.) data, as a function of latitude and pressure. It should be 
taken Into consideration that as opposed to all of the difference being diurnal, part may 
be due to Interannual variations and biases of SHE data relative to LIMS data, even though 
the agreement between dayside SME and LIMS in Figure 9 appears to be in accord with the 
observed and predicted values given in Figure 6. 

Figure 10 gives a detailed view of latitudinal-seasonal variations in the night-day ozone 
ratio at 0.1 mb (• 66 km). Ratios at this level can exceed a factor of 3 and maximize 
during solstice periods near 45 degree latitude in summer and near the Equator during 
equinox periods. This may largely result from the dayside ozone being more strongly 
photodi ssociated by the more directly incident sunmer Sun at mid latitudes and the 
equinoctial Sun at the Equator. 

COMPARISON OF MODEL WITH OTHER MEASUREMENTS 

It is of interest to compare the ozone vertical structure model, which is based on 
satellite measurements, with ozone measurements obtained by other techniques. In Figure 
4, a comparison has already been shown with the Krueger and Minzer (1976) model based on 
balloon and rocket data. Shown in Figure 11 is a comparison with the satellite data model 
( 4 7 * H , annual mean) of the annual mean vertical distribution from ozonesonde data from 
Hohenpei sse'nberg (FRG) (48*N, IKE) over the period 1967-1985 and from Thalwi 1-Payerne 
(Switzerland) (47’N, 7*E) over the period 1967-1982, and the annual mean vertical 
structure from Umkehr data from Arosa, Switzerland (47’N, 1CTE) , over the period 
1955-1983. The three data sets were generously provided by R. D. Bojkov 1221 . 
Considering that the ozonesonde and Umkehr data do not represent a zonal average, but do 
represent conditions over a period of many years, the agreement is very good. 

Over the period April 1984 to April 1985, a microwave radiometer was operated at Bern, 
Switzerland (47*N, 7*E), measuring the thermal emission of the rotational ozone transition 
at 142.2 GHZ to deteimine stratospheric and mesospheric ozone abundances in the range of 
25 to 75 km. Monthly mean ozone partial pressures for Umkehr layers 6-10 were calculated 
from over 300 daytime profiles. Shown in Figure 12 (Lobsinyer / 2 4 / } are the resulting 
ozone profiles obtained by the microwave measurements (solid line) compared with Umkehr 
measurements from Arosa (dashed line), 20-year monthly mean Arosa Umkehr (crosses), and 
the Keating and Young / 1 / ozone reference model (open circles). The differences with the 
reference model may oe partially due to local year-to-year phase shifts relative to the 
zonal mean variations. Note the excellent agreement in the annual variation at Umkehr 
levels 7 and 8 between the reference model and Arosa Umkehr (20 years) measurements. 

A comparison with other information is also made between the annual mean of the microwave 
measurements in Figure 13. Residuals are shown relative to the microwave measurements 
(Lobslnger / 24 / ) . The solid line Is the 20-year annual average of Arosa Umkehr 
measurements, the dash-dotted line the Krueger and Minzner /B/ model, and the dashed line 
the Keating and Young MAP model /l/. With the exception of Umkehr levels 5 (- 22 mb) and 
14 (- 0.04 mb), the annual microwave measurements agree very closely with other 
information. 

An ozone measurement campaign was conducted at Natal, Brazil (6*S, 35*W) in March-April 
1985, resulting in seven profiles from ROCOZ-A ozonesondes (Barnes et al. / 25 / ) . Shown in 
Figure 14 is comparison of a mean of the ROCOZ-A ozone measurements with the MAP Interim 
Ozone Model / 1 / . The agreement is excellent, with the Natal measurements averaging 2 
percent higher than the MAP model with a 3 percent standard deviation. The agreement 
between ozone data in the mid-1980's with a model based on satellite data in the late 
1970's and early 1 980 ‘ s has Interesting implications concerning the amplitude of long-term 
trends . 
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DIURNAL VARIATION OF OZONE IN MESOSPHERE 
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Figure 7. Diurnal variation of mesospheric ozone from satellite data. Comparison of ozone 
reference model (dayside above 0.5 mb) with the LIMS nightside measurements (0.05 mb to 1 mb) 
for Equator in January. 
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NIGHT (LIMS) / DAY (SME) MESOSPHERIC OZONE RATIO 
JANUARY 



LATITUDE, deg 

Figure 9. Night to day ozone ratio for January based on 1980 LIMS nightside data and 1 982- 1 983 
SME daysidc data as a function of latitude and pressure. 


NIGHT (LIMS) DAY (SME) MESOSPHERIC OZONE RATIO 
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Figure 10. Night (LIMS) to day (SME) mesospheric ozone ratio at 0.1 mb (= 66 km) as a 
function of latitude and season. 
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OZONE REFERENCE MODEL AND LONG-TERM EALLOON AND UMKEHR MEASUREME NTS 


ANNUAL MEANS 



Figure 1 1. Comparison of ozone reference model based on satellite data with annual means of 
long-term balloon and Umkehr measurements. 


MONTHLY VARIATIONS IN OZONE NEAR 45N 
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Figure 12. Comparison of monthly variations in ozone partial pressure from (a) microwave 
measurements from Bern, Switzerland, (b) simultaneous Umkehr measurements from Arosa, 
Switzerland, (c) 20 years of Umkehr measurements from Arosa, Switzerland, and (d) the ozone 
reference model based on satellite data (from /24/). 
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RESIDUALS FROM ANNUAL MEAN OF MICROWAVE MEASUREMENTS 

(BERN) 



AROSA UMKEHR (20 YEARS) 
KRUEGER AND MINZNER MODEL 
REFERENCE MODEL 


Figure 13. Residuals from annual mean of microwave ozone measurements from Bern, 
Switzerland of (a) 20 years of measurements from Arosa, Switzerland, (b) The Krueger and 
Minzner model /8/, and (c) the ozone reference model based on satellite data (from /24/). 
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Figure 14. Comparison of equatorial ozone measurements obtained from 7 ROCOZ-A 
ozonesondes in 1985 with the ozone reference model based on satellite data (from /25 [). 
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ABSTRACT 

Water vapor is an important minor constituent In the studies of the middle atmosphere for 
a variety of reasons, including Its role as a source for active H0 y chemicals and its 
use in analysis of transport processes. A number of in situ and remote techniques have 
been employed in the determination of water vapor distributions. Two of the more complete 
data sets have been used to develop an interim reference profile. First, there are the 
7 months of Nimbus 7 LIMS data obtained during November 1978 to May 1979 over the range 
64 S to 84 N latitude and from about 100-mb to 1-mb. By averaging radiances before 
retrieval, LIMS random errors have been reduced, and the results have been improved and 
extended recently from 1.5-mb to 0.5-mb. Secondly, the ground-based microwave emission 
technique has provided many profiles from 0.2-mb to 0.01-mb In the mid mesosphere at 
several fixed Northern Hemisphere mid latitude sites. These two data sets have been 
combined to give a mid latitude, Interim reference water vapor profile for the entire 
vertical range of the middle atmosphere and with accuracies of better than 25 percent. 
The daily variability of stratospheric water vapor profiles about the monthly mean has 
also been established from these data sets for selected months. Information is also 
provided on the longitudinal variability of LIMS water vapor profiles about the daily, 
weekly, and monthly zonal means. Generally, the interim reference water vapor profile and 
its variability arc consistent with prevailing ideas about chemistry and transport. 

INTRODUCTION 

Water vapor (H,0) is an important minor constituent in the middle atmosphere for several 
reasons. It Is a major source of the active chesnical radicals, OH and 110 , , which affect 
the ozone distribution In the mesosphere /l/ and upper stratosphere / 2/ - Water vapor 
plays a significant role in the ion cluster chemistry of the mesosphere / 3, 47. Condensed 
phase water In the form of nacreous or polar stratospheric clouds at high latitudes of the 
winter hemisphere is regulated by the water vapor mixing ratio and atmospheric 
temperatures needed to reach saturation /5/. Similar constraints apply tor the 
noctilucent or polar mesospheric clouds that occur near the summer polar mesopause / 6/. 
The infrared cmitsicn from ve*: p r ■ap'-r th- upper troposphere helps determine the 
temperature distribution at the lower boundary of the middle atmosphere. Water vapor also 
contributes in a minor way to the radiative balance throughout the middle atmosphere III . 
For most of the middle atmosphere, water vapor can be used as a tracer molecule to 
describe a net global transport or circulation there 78, 9/. Knowledge of the peak 
mesospheric H,0 mixing ratio, the altitude of the peak value, and the rate of mixing ratio 
decrease above the altitude peak Is needed to validate chcmi ca I /transport models and to 
gain an improved understanding of seasonal changes in the mesosphere 710/. Finally, the 
long-term trend in middle atmosphere water vapor can be an Indicator of trends in minimum 
tropical tropopause temperatures, coupled with the effect In the upper stratosphere of the 
increase in methane, which is a source gas of water vapor there 7 11/- 

Russel 1 / 12/ presented a comprehensive review with references for those satellite and in 
situ data sets that are generally available for defining the distribution of middle 
atmosphere water vapor. The primary data source for those distributions was derived from 
the 7 months of observations from the Nimbus 7 Limb Infrared Monitor of the Stratosphere 
(LIMS) experiment which began operations in late October 1978. Data were obtained from 
64 S to 84N latitude and from about 1-mb to 100-mb. Those data were supplemented with 
results from the Grille Spectrometer on Spacelab 1 713/ and the host of microwave 
radiometer measurements of water vapor (e.g. / 1 4 / ) to produce a Northern Hemisphere mid 
latitude reference profile for the winter/spring seasons from about 100- to 0.005-mb. 
Profiles of water vapor by several different techniques from rocket soundings at high 
latitudes of the Northern Hemisphere are also available (e.g. 7157), and they may be used 
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. i iuc facial ts above 1-mb. The rocket data and techniques were reviewed In 
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measurements at Boulder, Colorado /17/. 
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MONTHLY ZONAL MEAN LIM5 WATER VAPOR DISTRIBUTIONS 
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the LIMS Hap Archive Tapes (LAMAT) at Nbiuc it j/ . 

product Is given In /22/. 

ss&i s,^-r ,rt, sas*ays £, ssa.rss..r jtjs 



TftJLk£ — L LIHS HjO Estimated Accuracy and Correlative Measurement Comparison 
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lOased on measured instrument parameters and computer simulations based on 13 
comparisons with bal loon remote and in situ H,0 measurements. 

Based on 13 comparisons with balloon remote and in situ H,0 measurements. 
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Figure 1. LIMS H 2 O zonal mean pressure versus latitude cross section for 
descending orbital data. Countour interval 0.5 ppmv. (a) November, (b) 
December, (c) January, (d) February, (3) March, (f) April and (g) May. 
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are very small. Figure 2 (a,b) shows those results for the months of November and Hay. 
Zonal mean deviations are minimal In the mid stratosphere, and they are a bit smaller for 
late autumn versus late spring, possibly due to a stronger net transport during late 
autumn. 

Day-to-day zonal mean variability In Fig. 2 near 1-mb Is about 15 percent, which Is larger 
than expected for the real atmosphere. However, a significant fraction of that 
variability Is due to random error In the measured radiances and from uncertainties In the 
retrieval at the tops-of-prof 1 les. According to / 18/ , radiance slgnal-to-nolse (5/N) for 
Individual profiles Is only about 2 to 3 at 1-mb. In fact, variations near l-mb may be 
more Indicative of data quality there than Independent simulations of known LIK5 error 
mechanisms. In that regard. It is also noted that variability at 1-mb decreases at 605 in 
November (Fig. 2a) and at 60N In May (Fig. 2b). 

Seasonal mean mixing ratios are given In Table 4 from the LIHS data, along with the dally 
variations about the seasonal means. If one compares the northern and southern mid 
latitude zones (32-56 degrees latitude), It Is clear that more change Is occurring in 
winter versus surrmer, l.e., standard deviations are larger by a factor of 2 In winter. 
This difference Is most likely related to the relative absence of net transport due to 
stratospheric wave activity in mid latitude summer / 24 / . 

Changes In the monthly zonal mean water vapor cross sections (Fig. 1) occur smoothly with 
time over the 7 months. In fact, the November and May distributions are nearly mirror 
Images. Between 10-mb and 1-mb, the largest change In the distribution occurs from 
January to March at a time when the dlabattc circulation Is undergoing a similar shift 
/25/. These changes in the net circulation are also being influenced by strong gradients 
In radiative cooling in the Northern Hemisphere In response to the poleward heat transport 
by enhanced planetary wave activity. 

Seasonal changes are also apparent at mid latitudes of the lower stratosphere, but water 
vapor variations at the tropical hygropause are less apparent from the zonal mean data. 
Tropical forcing due to the semiannual oscillation < SAO ) is most pronounced In late winter 
to early spring, which must contribute to the appearance of a double minimum in water 
vapor near 7-mb on either side of the Equator during April and May /26/. 

The relative water vapor maxima near 1-mb and above and between 60N and 84N in January and 
February 1979 (Fig. 1 c,d) are not believed to be real for the following reasons. The 
production of nitric oxide (NO) by auroral particle precipitation followed by partitioning 
between NO and NO, and downward transport by the mean meridional circulation in the polar 
winter mesosphere has been analyzed 727/. Kerridge and Remsberg 721/ have shown that the 
vibrational ly excited emission from this relatively large amount of mesospheric NO, in 
polar night must be accounted for during the H,0 retrieval in order to give accurate water 
vapor levels. After correcting for these effects, the water vapor values are not elevated 
there, and they appear to be more in line with the idea that there is a net downward 
transport of relatively dry air from mesosphere to stratosphere at high latitudes of the 
winter hemisphere / 287. 

G1 obal -average estimates of Ktz 'IMS water vapor have been prepared for December-January- 
February and March-Apri 1 -May , along with estimates of accuracy in the zonal mean (Fig. 3). 
Water vapor values for each 4 degree latitude zone are multiplied by the fractional global 
area due to that zone, followed by a sum over all zones, to yield an area-weighted profile 
for comparison with one-dimensional models. Mixing ratios at 64S were extended to 90S and 
values at 84N were extended to 90N, but because those areas represent only 5 percent of 
the globe, the uncertainty due to the extrapolation is small. The average mixing ratio is 
nearly constant at 4.4 ppmv from 30- to 5-mb, decreasing to 3.5 ppmv at 50-mb. Mixing 
ratios increase from 4.4 ppmv at 5-mb to 5.0 ppmv at 1.5-mb, consistent with the idea of 
methane oxidation as a source of water vapor in the upper, stratosphere (see also 719, 
29/). The estimated accuracy at 1-mb Is poorer than the difference between the mean 
values at 1-mb and 1.5-mb, so Interpretations of the increase from 1.5- to 1-mb are not 
meaningful; this is not the case at 50-mb. 

Prior to the existence of the UMS data set, there was still some uncertainty about the 
magnitude and even the sign of the meridional gradient of water vapor. Given the 
precision, accuracy, and general physical consistency of the LIHS water vapor, there is no 
reason to doubt results such as those displayed for 2 January 1979, In Fig. 4, where 
meridional gradients are shown at 50-mb, 10-mb, and 3-mb. Based on current understanding 
of the measurements, the only caveat to these gradients would be a probable H,0 
underestimate of 0.3 ppmv between ±15 degrees latitude at 50-mb. 
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2(a) November 



2(b) May 


Figure 2. LIMS H 2 0 standard deviation (ppmv) of daily zonal mean profiles about the 
monthly zonal mean, (a) November and (b) May. 


TABLE 4 LlHS 2onal Mean H,0 Profiles (ppmv) i Standard Deviation of the Daily Zonal Hean about the 
Seasonal Mean for various Latitude Bands for Northern Hemisphere winter (November, December, 
January) and Spring (Harch, April, Hay). 
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4.21.24 
4.31.20 
4.61.17 

4.81.16 

4.91.16 
4. Si. 32 
4.31.47 
S. 21.62 


5.21.41 

4.91.32 

4.61.26 

4.21.20 

4.01.1? 

4.11.14 
4.21.12 

3.01.14 
2.81.16 
2.71.29 
3.71.54 


5. 11.37 
4.91.29 
4.61.22 

4.31.17 
4.11. 14 

4.01.12 
4.01.10 

3.81.13 

2.71.17 
2.51.31 
3.71.57 


5.01.49 

4.01.38 

4.61.33 

4.51.26 

4.41.26 

4.61.26 
4.71.23 
4.61.22 

4.21.27 
4.21.32 
5.11.53 


5.41.27 

5.21.27 

5.11.27 
4.91.21 
4.U1.17 
4.71.16 
4.7i. 14 
4.71.12 
4.U.16 

3.91.27 
4.51.39 


56’N - 

84 *N 

Winter 

Spring 

4.61.61 

5.21.38 

4.41.51 

5. 0i.36 

4.' '61. 46 

S.Oi.35 

4.71.42 

4.91.26 

4.71.39 

4.91.2U 

4.91.39 

5.01.16 

4.91.36 

5.0J.14 

4.91.36 

5.21.18 

4.01.35 

5.11.24 

5.11.41 

5.11.30 

6.21.64 

5.71.44 


‘Mixing ratios at the 50-mb and ?0-mt> levels have been Increased by 0.15 
and 0.3 ppmv, respectively, to account for water vapor bias effects 
described in /IB. 19/. 

*"The November. December, and January average Is sunnier in the Southern 
Hemisphere and March, April, and Hay is autumn. 
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Figure 3. Global area-weighted average 
LIMS H 2 O nighttime profiles for December, 
January, and February (Q) and March, April, 
and May ( O ). Horizontal bars represent 
accuracy of zonal mean. 



Figure 4. LEMS zonal mean H 2 O mixing ratio versus 
latitude at 3-, 10-, and 50-mb on January 2, 1979. 
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ZONAL VARIATIONS IN LIMS WATER VAPOR 

Estimates of variations about the zonal mean have been determined from the archived LAIPAT 
by calculating a 5-day zonal mean cross section and determining the standard deviation In 
ppmv of the Individual profiles about the mean result. Figure 5a Is an example for 5 days 
of data between 20-26 Hay 1979. These variations Include both “noise" and real wave 
activity. Minimum May standard deviations of 0.4 ppmv occur near 20-mb at low latitudes 
and in the Northern Hemisphere when wave activity Is expected to be weak. Variations In 
the upper stratosphere are related more to the noise associated with the low 
slgnal-to-nolse at tops of profiles, while Increases In the absolute variations at 100-mb 
and below are due. In part, to the fact that water vapor mixing ratios Increase sharply at 
these levels such that small variations In the pressure registration of the water vapor 
radiance profiles have become significant. The larger standard deviations In the mid 
stratosphere at 40S to 64S are most likely due to enhanced wave amplitudes there during 
late autumn (see also / 30/ ) . Figure 5b Is similar to 5a, but for 27-31 October 1978. 
Again, the hemispheric mirror Image Is apparent between the two periods. 

Water vapor variability is presented for another period, 1-5 February 1979, that was 
dynamically active in the Northern Hemisphere. Figures 6a and 6b show results for 
ascending (or day) and descending (or night) data at 5-mb and 50-mb. Note that regardless 
of the day/night difference of about 0.5 ppmv (not shown) that exists In the zonal mean 
result at 5-mb and Equator, the standard deviations about the respective ascending and 
descending zonal means arc very similar In Fig. 6a. At 5-mb, there appears to be a 
gradual Increase in variability from 605 to North Pole. However, if the water vapor field 
near 5-mb possesses weak meridional and vertical gradients (Fig. Id), the effect of 
atmospheric waves on the field will be unnoticed. Conversely, variations at 50-mb 
(Fig. 6b) are nearly constant at 0.4 ppmv from 64S to 30N, but by 60N, they have Increased 
by a factor of 3 to 1.2 ppmv. From Fig. Id, one can see that there are strong meridional 
gradients at 50-mb at mid latitudes of both hemispheres, so low standard deviations in the 
Southern Hemisphere are Indicative of little wave activity, while such activity Is more 
apparent In the Northern Hemisphere. For example, the north polar vortex is shifted off 
the Pole in early February 1979, so a strong wave 1 amplitude should be evident. 

A time series of the wave 1 amplitude In ppmv at 5-mb and 50-mb was determined from the 
zonal, Fourier coefficient form of the LIMS data set 1221 . The Fourier analysis yields 
wave 1 amplitudes of 0.2 to 0.4 ppmv at 5-mb for day 100 (1 February) or about one-half 
the variability In Fig. 6a. Figure 7 for 50-mb shows that the wave 1 amplitudes for day 
100 are 0.6 to 1.0 ppmv from 60N to SON, accounting for most of the variation in Fig. 6b. 
Previous analyses have also shown good correspondence in the patterns of the large-scale 
water vapor fields and coincident maps of geopotential height or potential vorttcity, In 
line with Ideas about water vapor being an appropriate tracer of transport processes 
throughout the middle atmosphere /22, 31/. 

VARIABILITY OF MESOSPHERIC WATER VAPOR 

Information about mesospheric water vapor and Its variations Is available from two 
extensive data sets. First, because of the analyses conducted In / 2 1 / , more confidence 
can be placed in the lower mesospheric nighttime water vapor values reported by / 32/ from 
LIMS results (winter/spring 1976-1979) between 0.5-mb and 1.5-mb as retrieved from 
specially processed, averaged radiance profiles. Secondly, sets of water vapor profiles 
derived from ground-based measurements of microwave emission were reported for spring 1904 
at Jet Propulsion Laboratory (OPL), California (34N, 50- to 85-km) /33/, for winter/spring 
1985 from JPL at 60- to 80-km by /34/, and for spring 1984 at Pennsylvania State 
University (PSU) (41N, 65- to 80-km) by / 35/ . The microwave measurement technique and 
earlier H,0 results are summarized briefly In / 12/ . 

Bevilacqua et al. /33/ reported a monthly Increase In water vapor of a factor of 2 at 
75-km from April to June 1984, and they concluded that the change was due to a seasonal 
variation In mixing due to gravity wave breaking. Comparisons of the 1984 and 1985 
profiles at 34N indicate general agreement in shape and magnitude from 60- to 80-km. 
Comparisons with data obtained In the early 1 980 * s at Haystack Observatory (43N) reported 
by / 36 , 14/, Indicate slightly lower mixing ratios for spring than at JPL. Tsou et al. 
/ 3 5/ find a similar difference between the 1984 results at JPL and PSU, which they 
attribute to latitudinal and/or longitudinal variations In the occurrence of breaking 
gravity waves. Gordley et al. /32 / also found a definite latitudinal variation In LIMS 
zonal mean water vapor in the lower mesosphere with values at 34N being greater than those 
at 4 IN and 43N by about 1 ppmv. Thus, LIMS provides supporting evidence that there are 
latitudinal variations in mesospheric water vapor. 

An estimate of a mean water vapor profile In the mesosphere at Northern Hemisphere mid 
latitudes has been derived for spring (April and May) from 1.5-mb to 0.01-mb by using the 
radiance-averaged LIMS data from 1.5- to 0.5-mb, plus the microwave results above that. 
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Figure 5. LIMS HoO standard deviation (ppmv) of individual profiles about the zonal 
mean for (a) May 20-26 and (b) October 27-31. 
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Figure 6. LIMS HjO standard deviation (ppmv) versus latitude for individual profiles 
about the 5-day zonal mean for February 1-5, 1979, at (a) 5-mb and (b) 50-mb. 
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Table 5 contains the 2-month average, plus the monthly difference profiles from the 
combined data sets. Data from Fig. 8 of 735/ were used from 0.1- to 0.01-mb, and LIHS 
data prepared In the manner described In 732/ were used for 1.5- to 0.5-mb. The average 
values at 0.2-mb (near 60-km) In Table 5 were obtained from the Haystack results ( 43N ) of 
736/ , their Fig. 2, plus the JPL results (Fig. 4 of 7337) . 

A REFERENCE WATER VAPOR PROFILE AND ITS VARIABILITY 

A springtime. Northern Hemisphere, mid latitude water vapor profile and its variability 
were constructed from the data in Table 5 and from the mean spring results at 32N to 56N 
in Table 4 from 2.0-mb to 100-mb. Variability from 2.0-mb to 100-mb for mid latitude 
spring was derived by combining data on variations of single LIHS profiles about the 5-day 
zonal mean as In Fig. 5, plus the variation of the dally zonal mean profiles about the 
seasonal mean In Table 4. Variations from 0.5- to 1.5-mb were set to those at 2.0-mb, 
since information on variability about the zonal mean Is lacking for that region! 
Variations from 0.2- to 0.01-mb were derived by averaging the differences between the 
April and Hay profiles at 34N, 41N, and 43N from 735/ and 7367- Figure 9 in 735/ contains 
Information about the larger water vapor variations for the dally time series for each 
month, but because these variations were not tabulated, they were not Included In the 
variability for the reference profile. This means that the real atmospheric variability 
at those levels is being underestimated here. The final combined profile Is given in 
Table 6 and Fig. 8. It Is also noted that this profile is somewhat different from the 
combined profile in Table 7 of 712/ because that earlier profile contained an average of 
several different kinds of mid latitude mesospheric measurements. It was derived as a 
winter/spring average, and for the LIHS data, It only contained variations of the dally 
zonal means about the seasonal means. 

The profile in Fig. 8 contains only LIHS data, plus monthly averages of microwave emission 
results, some of which were published In the past year. The profile is also only 
appropriate for Northern Hemisphere spring. Nevertheless, this reference model has a 
constant mixing ratio of 4.7 ppmv from 30- to 7-mb, gradually Increasing to 6.0 ppmv at 
0.2-mb, then decreasing rapidly to 1.3 ppmv at 0.01-mb. The determination of the vertical 
position and magnitude of the peak mixing ratio at 0.2-mb must be considered uncertain 
because the one sigma error for that measurement is about 1.5 ppmv 733 /. Obviously, more 
mesospheric data are needed at other seasons and latitudes and longitudes before 
additional reference profiles can be prepared for the middle atmosphere. Mean mixing 
ratios decrease to 4.0 ppmv at 50- to 70-mb, reflecting the net poleward transport of 
relatively dryer air from tropical latitudes. 

DISCUSSION AND CONCLUSIONS 

This analysis is an update of the review by / 1 2/ on interim reference profiles for middle 
atmospheric water vapor. New emphasis 1$ given to estimates of the observed variability 
of stratospheric water vapor using the winter/spring data from the Nimbus 7 LIHS 
experiment from 64S to 84N. Some Initial results obtained by averaging the LIHS radiance 
data before retrieval are used to decrease the uncertainty In archived LIHS results from 
1- to 2-nb, as well as to extend results upward to 0.5-mb, Honthly zonal mean LIHS cross 
sections are shown to vary smoothly over the 7 months of the data set, and these results 
plus global average estimates oi the seasonal mean water vapor profile are physically 
consistent with prevailing Ideas about the sources, sinks, and mechanisms affecting the 
water vapor distributions. Longitudinal variations about the zonal mean distribution are 
generally small, except in the lower stratosphere where the meridional gradient in water 
vapor Is also large enough to reflect the effects of transport and mixing due to waves 
during dynamically active periods of the winter hemisphere. An extensive set of microwave 
emission measurements of mesospheric water vapor Is included, along with LIHS data, to 
determine a mesospheric reference profile from 0.2- to 0.01-mb for Northern Hemisphere mid 
latitudes in spring. The observed variability for spring appears to be real and probably 
is related to variations In mean vertical advectlon. 

Several additional water vapor data sets are expected shortly. The most extensive will be 
the multiyear, near-global data set from the Stratospheric Aerosol and Gas Experiment 
(SAGE II) underway since late 1984 / 37 7 . This experiment Is providing water vapor 
profiles by solar occultatlon for the entire stratospheric altitude range. Data from the 
Spacelab 3 ATHOS experiment In Hay 1985 should also be available soon, and they are 
expected to extend from 20- to 80-km. Peter et al. 7387 will report H,0 results from 20 
to 70 km and 45N to 75N for December 1986 using an airborne millimeter-wave Instrument. 
The stratospheric results are consistent with those from LIHS. In the near future. It Is 
also anticipated that permanent mllllmeter-wave emission Instruments will be Installed at 
sites to be designated as part of a proposed Network for the Detection of Stratospheric 
Change (NOSC). Dased on the LIHS results In the lower mesosphere, it appears that the 
profile at low latitudes Is somewhat different from that at mid latitudes, so a continuous 
measurement is needed there. 



TABLE 5 Mesospheric Mean Water Vapor Profile for Northern Hemisphere Spring 
at Kid Latitudes 


Pressure (mb) 

H 4 0 Mixing Ratios (ppmv)* 

0.01 

1.4 x 0.6 

0.025 

2.0 x 0.6 

0.05 

3.3 x 0.9 

0.1 

5.0 t 0.7 

0.2 

6.0 i 1.0 

0.5 

5.5 t 0.6 

0.? 

5.5 ± 0.5 

1.0 

5.1 t 0.3 

1.5 

5.0 X 0.2 


“Specially averaged L I MS data are from l.5-mb to 0.5-mb. Microwave data 
are from 0.2-mo to 0.01-mb. Variability Is defined In the text. 


TABLE 6 Hid Latitude Interim Reference Profile for 32*N - 56*N Spring 

Obtained Using L 1 MS Data from 100-mb to 0.5-mb and Microwave Data 
from 0.2-mb to 0.01-mb. Variability is defined in the text. 


Pressure (mo) 

H,0 Mixing Ratios (ppmv) 

0.01 

1.4 X 0.6 

0.025 

2.0 t 0.6 

0.05* 

3.3 i 0.9. 

0. 1 

5.0 X 0.7 

0.2 

6.0 x 1.0 

0.6 

5.5 l 1.2 

0.7 

5.5 l 1.2 

1.0 

5.1 t 1.2 

1.5 

6.0 x 1.2 

2.0 

5.2 X 0.9 

3.0 

5.1 1 0.8 

5.0 

4.9 i 0.5 

7.0 

4.8 1 0.4 

10.0 

4.7 ± 0.4 

16.0 

4.7 t 0.4 

30.0 

4.7 i 0.4 

so.o 

4.1 X 0.4 

70.0 

3.9 t 0.5 

100.0 

4.5 X 0.7 
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Figure 8. FbO interim reference profile for Nonhem Hemisphere midlatitude 
springtime. Bars represent variability of the data. Numbers in parentheses 
represent estimated accuracies. 


In the lower stratosphere, the time series of frost-point hygrometer measurements at 
Boulder Is continuing / 1 7 /. Results will soon be available from the comprehensive 
tropical Stratosphertc/T ropo spheric Exchange Project (STEP) experiment conducted out of 
Darwin, Australia, In early 1987. These data should be useful In defining the water vapor 
fluxes, which contribute to the overall H,0 distribution In the hygropause region. 
Finally, preliminary results were reported from the 1987 Airborne Antarctic Ozone 
Expedition (AAOE), along with some balloon-borne measurements of water vapor from McMurdo 
Base during the National Ozone Expedition (N0ZE2) and the measurements from SAGE II (see 
/39/}. According to the measurements, it appears that a separate water vapor reference 
profile may be required for the special conditions associated with cold lower 
stratospheric temperatures over the Antarctic region, at least during winter and spring. 
Air for those periods is dehydrated with mixing ratios equivalent to those at the tropical 
hygropause (2 to 3 ppmv). With the addition of these new data sets, It should be possible 
to know the seasonal distribution of water vapor for the entire stratosphere and for 
limited, but representative, locations for the mesosphere. 
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A R ST K ACT 

Data from the Stratospheric .mi Mesospheric Rounder (SAMR) on the N.mbus 7 
satellite, for the three years from January 19 /'.-becembei 1JL1, me u.u. t 
prepare a reference model for the long-lived truce gases methane id , w 
nitrous oxide (N 0 0) in tne stratosphere. The model is presented in tabular 
form on seventeen pressure surfaces from 20 to 0.1 mb, in 10 latitude .. .... 

from SOS to 70N, and lor each month ol Lhc yoor. The means hy which 

data quality and interannual variability, and some of the moi v inter os 1 1 ^ 

globally and seasonally variable features ot ti.u data are disensseo 1 ' : ’ f J - * 


INTRODUCTION 

N 0 and CH , are both important minor constituents of the stratosphere 
sever U reasons Noi i her «h<s lias a known plm t orliom 1 oa 1 suuilv m tin 
middle atmosphere, both originating near the suru.ee by a variety ol 
processor, which include:, a n t hi opoqum c i-nurcts in eai-h um; /'/• 
gases have fairly long lifetimes against photochemical dcsirucMon U 
from about a year for methane in the lower stratosphere to a few week 
nitrous oxide near the s f ra t opauso ) , tncy are important tiacors a. 
transfer process across the \ ropopause and ot the st ratospheric, mean 
ation. Methane is a source of water vapour in the mi da 3 c atmosphere 
result of a series of reactions equiva lent- to 

CIL + 20 2 = co 2 + 2 n 2 o 

while nitrous oxide is the main source of stratospheric N0 x by u set. 
equ ivalent to 

2 N .. 0 + 0, = 4 NO 


f o r 


l>n! I: 
ai'ij) ng 
j; for 


and subsequent reactions, 

The Stratospheric and Mesospheric Sounder (SAMS) made observations fro:- ' s 
Nimbus 7 spacecraft from 1978 to 1983. The SAMS instrument has been 
described by Drummond et al /2/ and examples of the results from th e e> pi ri- 
ment are presented and discussed in the articles by Barnett et al / L ‘“‘ kl 
Jones and P pyle /«/. The last-named paper discusses the methane and hifious 
oxide observations in particular detail, including the retneva o anu ,< 
ances from radiance observations and an analysis of the error budge.. • - 

data used here are essentially the same as those used by Jones and Pyle, 
with some reprocessing and considerable reformatting and manipulation. Ou. 
“oaJ H to produce standard tables which represent the mean distribution of 
methane and nitrous oxide as a function of height, latitude and month. 

DESCRIPTION OF THE MEASUREMENTS 

SAMS is a nine-channel, limb-viewing Infrared radiometer employing the 
pressure-modulation technique /5/ to observe thermal emission from carbon 
dioxide (for temperature retrievals) and five other atmospheric minor 
constituents Methane was observed In the J, band near 7.6 am and nitrous 
oxide in the i>. band near 7.8 pm. Both channels shared the same pyroeltctri 
detector and tJie instrument had a 751 duty cycle; hence the observation., of 
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either species occupied about one-third of each month on average. 

The vertical resolution of the measurements is 8 to 10 km. Profiles were 
actually retrieved at seven altitudes, including a fixed base value at 1.4 
scale heights (250 mb). The other levels were 2.6, 3.8, 5.0, 6.2, 7.4, and 
8.6 scale heights (75, 20, 7, 2, 0.6, and 0.2 mb respectively). Most of the 
useful information is restricted to levels between 0.2 (0.6 for N_0) and 
20 mb . 2 

The SAMS NO and CH observations are not entirely independent , s i nee their 
spectral bands overlap and data from one species is required by the retrieval 
program to determine the other. Vertical correlations are introduced by the 
finite field of view of the instrument and temporal correlations by the 
’sequential maximum likelihood operator’ approach used for the retrieval /4/. 
There is also some latitudinal interdependence in the data introduced by the* 
temperature retrieval algorithm /6/. All of these effects are small, however, 
especially in monthly averages. 

For the purposes of producing the present model, an additional filter was 
applied to the data. The smoothing was based on a log, n (mixing ratio) grid 
of 5 (altitudes) x 12 (latitudes) x 14 (months) , (i.e, replicating January 

and December at each end to ensure continuity in time). Each grid point was 
then combined with a value obtained from the interpolation of up to 13 pairs 
of adjacent grid points, each reduced to 10% weighting. This gives a relat- 
ively small amount of smoothing which removed a few rogue points and smoothed 
out the sharper features which although real were probably atypical. 

The accuracy of the retrieved zonal mean as determined by Jones and Pyle /4/, 
who combined conservative estimates of all of the known sources of error 
including spectroscopic and retrieval uncertainties, and noise due to 
instrumental sources and spacecraft jitter, varies with height but is at best 
20% for CH and 25% for N 2 0. The corresponding precision is 3% for CH 
and 6% for N-0. The 'confidence limits’ established by the same authors 
for the vertical range of the measurements is 20 mb (0:25 km) to 0.2 mb 
( — 60 km) for CH^ and 0.6 mb (o; 53 km) for N^O. 

COMPARISON WITH OTHER MEASUREMENTS 

The lower part of the SAMS retrieved profiles can be compared with balloon 
measurements /7/, which extend up to about 7 mb and therefore overlap the 
lowest two SAMS vertical resolution elements. Jones and Pyle /4/ made such 
comparisons and found that, while the ip-situ and satellite data agree quite 
well near the top of the region of overlap, lower down discrepancies of 
nearly a factor of two occur with the SAMS amounts being higher. More recent 
measurements /8/ of both C J ) 4 and N 2 0 by a cryogenic sampling technique in 
1979 , 19 B 2 and 1985 confirm the discrepancy but its origin is still a mystery. 
One possibility is the spectroscopic data used in toe SAMS retrieval, which 
may not include enough weak lines of the fundamental or some overlapping band. 
This possibility is under investigation and the data set may be completely 
revised at some later date. For the meantime, even if it can be assumed 
that the responsibility for the discrepancy lies entirely with the satellite 
data, which is probably not the case as the in-situ data shows a considerable 
scatter, we cannot correct our model without more information on the extent 
to which the difference depends on (a) altitude, (b) latitude, (c) month, 
and (d) natural variability of the atmosphere. We do provide, however, 

(Table 1) a list of the estimated mean differences between the two kinds of 
data for the latitudes and times at which comparisons are possible. It 
should further be noted that, according to Schmidt /8/, not only the absolute 
amounts but also the trend with time in late summer at 45°N is in disagree- 
ment. Balloon data show lower abundances in October/November than in Sep- 
tember, in contrast to SAMS findings. Again, the reason for this is under 
investigation but in this case a spectroscopic explanation seems unlikely. 

It also illustrates the risk of using the ratios in table 1 simply as a 
universal ‘correction factor'. 
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Table 1 
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MODELS OF VERTICAL STRUCTURE OP METHANE AND NITROUS OXIDE 

Models were produced by averaging the SAMS data for the three year period 
from January 1979 through December 1981 and applying some smoothing. SAMS 
actually made observations from shortly after launch on 24 October 1978 until 
June 198 i, but the early data consists mainly of instrument checkout modes 
while those obtained after March J982 were rendered more difficult to inter- 
pret by the volcanic dust injected into the stratosphere by the eruption of 
El Chlchon and will require fui * i.or validation. 

Averages were formed first by day and by latitude, the latter in 10 bins. 

The daily data and their estimated errors were then used to produce an error- 
weighted average by month, before the corresponding months for the three 
years were combined. Thereafter, the 'error' was taken to be the square root 
of the greater of either the variance or the inverse sum of the weights of 
the contributing data. This approach brings in the standard deviation of 
the profiles contributing to the mean. For any further manipulation of the 
data, each point was weighted by the inverse square of this 'error 1 . The 
extension of the N 2 0 data to 0.2 mb was done simply by subtracting 0.5 from 
the log (mixing ratio) at 0.6 mb, accompanied by an increase in the variance 
of the log mixing ratio of 0 . 1 , i.e. an additional error in the mixing ratio 
of about a factor of 2 . 

Table 2 gives the monthly zonal mean nitrous oxide and methane mixing ratios 
in ppbv and ppmv respectively, as a function of latitude and height, for cac‘. 
month. The height intervals are the standard ones chosen by Keating and 
Young /9/ for their model of middle atmosphere ozone. In the table, the 
value for mixing ratio is accompanied by an indication of the uncertainty of 
the number due to instrument noise, to daily .variance and to extrapolation 
outside the 'confidence limits' for the original measurements. 

DISCUSSION OF MAJOR FEATURES 

A programme of scientific analysis of these data Vs fining on, and in \ art. ov- 
ular a detailed discussion of the features present ±\\ tiie tune-averaged data 
used to produce the model tabulated here will sherr ly a poo nr in a paper new 
in preparation /lO/. A scientific interpretation of the structure which 
appears in the distribution profiles of stratospheric methane and nitrous 
oxide is clearly beyoi.J the scope of the present paper, but the following 
brief phenomenoloqica 1 description of the main features may assist one's 
understanding of the model. 

Firstly, the overall structure seen in abundance charts for either CM 4 and 
N?0 is qualitatively the same, as might be exported ni King-lived species 
whos «2 distribution is controlled more by dynamics than chemistry. 1 he 
following remarks, therefore, apply to Loth gases, and always (in this paper) 
to zonal mean abundances. 

The highest absolute amounts occur towards the end of Summer, i.e. in Septem- 
ber/October in the Northern Hemisphere and March/April in the Southern. At 
any given latitude, the zonal mean abundance tends to peak earlier at higher 
altitudes, the opposite to the behavior to be expected if material from the 
troposphere was simply being advected vertically. At high altitudes inear 
the 0.2 mb level) there is a pronounced semi-annual oscillation in the 
abundances of CU A and N 2 O which, incidentally, is not present in the thermal 
structure when averaged in the same way. Remarkably, this feature is present 
in the Southern but not the Northern Hemisphere. 
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TABLE 2 

Monthly mean mixing ratios for nitrous oxide in parts per billion (10 9 ) by 
volume (ppbv) then methane in parts per million by volume (ppmv) . An indic- 
ation of the reliability of the values as a model of the actual amounts to 
be expected in any given year is given by the letter following each entry. 
These represent the standard deviation or standard error of the data making 
up the value, as given in the key and described in the text. Absence of a 
letter means loss than ten percent deviation in the data. Annual averages 
are given at the end of the set of nonthly means. 
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3 00 96.27* 121.89* 147.74* 154.99* 146.26® 141 99® 135.39* 116.42* 93.47® 72.30* 56.19® 60.14 60.04 

5 00 161.66® 188.53*2 13.66* 220.73* 210.45*202.72® 160.84* 150.49*129.35® 108.36® 89.90* 84.95 90.09® 

3.00 271.46*291 60*308.99*314.35*302 81* 289.43*241.56* 194.52* 178.99* 162.41 143.83 143.93 162.20^ 

ExU*p©Ut*d from origin*! d*t*. V*ri*lion m d*U <10%, >10%®, >20%®, >50%°, >100%° 


1.37° 1.87° 

1.81° 2.46° 


5 13° 6 04° 


1 . 10 ° 1.02 

1.42° 1.33 


ORIGINAL PAGE IS 
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Avr»|« NiO (ppbv) for JULY 


Pr**»- 






UtHudl {* 

N ) 






i”t b A. T 

-50* 

-40 

-SO 

-20 

-10 

0 

+ 10 

+20 

+ 30 

+40 

+ 60 

+80 

+ 70* 

0.10* 

0.31® 

0.24® 

0.30® 

0 45® 

0.49° 

0.70® 

1.19° 

1.56° 

1.52° 

~b.99° 

0.66® 

0.59° 

0.98® 

0 15* 

0.35® 

0.28® 

0.36® 

0.51° 

0.66° 

0.60° 

1.36° 

1.79° 

1.73° 

1.12® 

0.64® 

0.66® 

1.10® 

0.20* 

0.40° 

0.32® 

0.40® 

0.69° 

0.65° 

0.92° 

1.56° 

2.04° 

1.97° 

1.28° 

0.73® 

0.75® 

1.23® 

0.60* 

0.51® 

0.44® 

0.55° 

0.77° 

0.86° 

1.22° 

2.04° 

2.67° 

256° 

1.65° 

0.94° 

0.96® 

1.54® 

0.40* 

0.66® 

0.59° 

0.74° 

1.02° 

1.14° 

1.62° 

2.68° 

3.48° 

3.32° 

2.12° 

1.21° 

1.23° 

1 93° 

0 SO* 

0.65® 

0 81° 

100° 

1.34° 

1.52° 

2 14° 

3.50° 

4 55* 

4.30° 

2.74° 

1.66° 

1.57° 

2.41° 

0.70 

1.25° 

1.26° 

1.57* 

2.00* 

2.28* 

3.22* 

5.16* 

6.64* 

6.16® 

3.87* 

2.21® 

2.17* 

3.15* 

1.00 

1.76° 

1.84° 

2.24* 

2.73* 

3.09* 

. 41* 

6.94* 

8 74* 

7.81® 

4.78* 

2.73® 

2.56* 

3.36* 

1.50 

3.11° 

3.43° 

4.07* 

4.56® 

5.17* 

7.45® 

11.35* 

13 82* 

11.62® 

6.80* 

3.89® 

3.35* 

3.73* 

2.00 

5.50° 

6.39* 

7.39* 

7.63® 

8 62* 

12.59* 

18.57* 

21 85* 

17.27* 

9.67* 

5.55® 

4.40* 

4.14* 

3.00 

9.18° 

10.70® 

12.19* 

12 73® 

14.29* 

19.62* 

27 44* 

31.13® 

24.41* 

14.23* 

8.52* 

8.74* 

6.26* 

4.00 

15.06° 

17.52® 

19.70® 

20 92* 

23.30* 

30.03® 

39 82® 

43.55® 

34.02* 

20 73® 

12.97* 

10.30® 

9.51® 

5.00 

24.68° 

28.67* 

31 63* 

34,37* 

38.01* 

45.96® 

57.78* 

60 95® 

47.43* 

30.21® 

19.74* 

15.72* 

14.47® 

7.00 

60.34* 

69.50* 

75.33* 

63 79* 

91.30* 

96 57* 

112.21* 

110.75® 85.93* 

59.44® 

42.06® 

33 86® 

31 16* 

10.00 

90.09* 

9*. 54* 

103.50* 115.37° 123.36° 129.27* 135 46® 128.09® 104.06* 76.60* 

56 92* 

48.74® 

48 13® 

15 00 

175.67* 

106.94* 

175 77° 

196.61°203.72® 203.12° 185 46® 163,21® 

143.17* 

116.92® 94.21® 

89.46® 

9 35° 

20 00 

342.58*238 67*298 49° 335 05°336.42® 319. 17* 253.68® 207 98* 

196 97® 

178 46® 

155 95® 

164.19*205.06*1 


Avtrut N;0 (ppbv) for AUGUST 

Liiiiudc (*N) “ “ 

"To*" -40 -30 -20 To 0 VlO +20 +30 +40 +50 +60 +70* 

0. SP 0.37® 041° 0M n 0.85° FT 0 15 6° \TF f 90® FT V r ~^9 n ~oW r ^lJi Tr 
0 65° 0 43° 0 47° 0 77° 0 07° 1 34° 1 78° 2 l*° 2 18 c 1.48° 0.80® 0.50° 0 38° 

0 73° 0.50° 0 55° O.ar ° 1 10° 1.41° 2.03° 2.49° 2.45 c 1.68° 1.00° 0.67° 0 44° 

0 02° 0 68° 0.74° 1.12° 1.41° 1.83° 2.65° 3.25° 3.15°' 2.14° 1.27° 0.88° 0 57° 

116° 0 01° 0.99 fl 1 48 c 182° 2.38' 3.45° 4 24° 4.07° 2.73° 161° 1.08° 0 74° 

146° 122° 133° 1.87° 2.34° 3.09° 4.50° 8 53* 5.24° 3.48° 2.04° 1.37° 0 96° 

196° 183° 2 04* 2.70* 3.38* 4.51* 6 58* 8.07* 7.48* 4.88* 2.77* 1.85* 1.33* 

2.26° 2.40° 2 78* 3.59* 4 51* 6.08* 8 81* 10 61* 9.60* 6.00* 3.20* 2.08* 1 54* 

2.91° 3.75° 4 66* 5 79* 7 31* 9.99* U 31* 16 76* 14.54* 8.52* 4.07* 2.52* 1.94 c 

3.72° 5.88* 7.83* 9.33* 11.86* 16.40* 23.24* 26 47* 22.04* 12.11* 5.19* 3.06* 2.46° 

6.17° 9.39* 12 16* 14 40* 18.00* 24.16* 32 81* 35 86* 29.57* 17.18* 8.03* 4.87* 3.86° 

10.22° 14 81* 18 57* 21. 8«® 26 89* 34 93* 45.40* 47 68* 39 03* 24.13* 12.42* 7.76* 6 06° 

16.93° 23 36* 28.34* 33 24* 40.17* 50.50* 62.99* 63 39* 51.52* 33.89* 19.21* 12.38* 9 53* 

42.23° 53 36* 61 12 * 70.94 * 83.00* 98.06® 113.10* 105.90* 85.03* 62 56* 42.16* 28.82* 21 70* 

63.91° 79.04* 8996* 101 79* 114.70*127,34* 140.02* 130.11*105.05* 81.00* 56.71* 42 88* 33.66* 

127.53° 152.15® 171.32° 185 82° 196.66* 196 80* 199.86* 183.37* 149.45* 124.64* 301.94* 83.15* 6995* 

254. 46° 292 67° 326 26°339.30° 337. 19* 304. 16*285 27*258 42*212.61* 191.77* 177.00*161.26* 145 .38* 


Pr«u. 

0.10* 
0 15* 
0 . 20 * 
0.30* 
0.40* 
0.50* 
0.70 
1.00 
1.50 
2.00 

3.00 
4 00 

5.00 

7.00 
10.00 
16.00 
20.00 


Av«r»g« N 2 0 (ppbv) for SEPTEMBER 


Ptm*. 






L*litud« (" 

N] 






(mb) 

-60* 

—40 

-30 

-20 

-10 

0 

+ 10 

+ 20 

+30 

+40 

+50 

+60 

+ 70* 

0.10* 

0.91® 

0.82® 

0.69® 

0.66® 

0.90® 

1.23® 

1 .49° 

1.82® 

2.02° 

1.86® 

1.29® 

0.74® 

0 43® 

0.15* 

1.03® 

0.93® 

0.78® 

0.75® 

1.02® 

1.40® 

1.70® 

2.08° 

2.31° 

2.09® 

1.43® 

0.82® 

0.49® 

0.20* 

1.17® 

1.06® 

0.89° 

0.86° 

1.17° 

1.60° 

1.94° 

2.38° 

2.63° 

2.36° 

1.59® 

0.92® 

0.56® 

0.30’ 

1.50® 

1.36° 

1.16° 

1.13° 

1.62° 

2.07° 

2.53° 

3.11° 

3 42° 

2.98° 

1,97° 

1.15° 

0.73® 

0 40* 

1.92® 

1.75° 

1.50° 

1 48° 

1.98° 

2 69° 

3.30° 

4.07° 

4.44° 

3 76° 

2.43° 

1 44° 

0 94° 

0 so* 

2.46° 

2.24° 

1.94° 

1.94° 

2.69° 

3.49° 

4.29° 

5.32° 

5 77* 

4.79° 

3.00° 

1.80° 

1.21° 

0.70 

3.44° 

3.17* 

2 82* 

2 87® 

3 79® 

5.08® 

6.31® 

7.81* 

8.31® 

6.69® 

3 97® 

2.37* 

1.59® 

1.00 

4.13° 

3.97® 

3.73* 

3 94® 

6 13® 

6 84® 

8.57® 

10.43* 

10.65® 

600* 

4 64* 

2.38* 

1.53® 

1.60 

5.63° 

5.78® 

5 94* 

6 65* 

6 49* 

11.20® 

14 28® 

16.87* 

16.10* 

11.03® 

6.00® 

2.98* 

1.42® 

2.00 

7.66° 

8.11® 

9.47* 

11 23* 

14.04® 

18.38® 

23 60* 

27.30* 

24.35* 

15.22® 

7,77® 

3.43® 

1.32® 

3.00 

10.94° 

12.31® 

14.00* 

16.65* 

20.90® 

27.19* 

34.41* 

37.59* 

32.59* 

20.76® 

11.15* 

5.32* 

2.23® 

4.00 

15.49° 

17.82* 20.38* 

24.20* 

30.52® 

39.56® 

48.79® 

60.77* 

42.92* 

28.05® 

15.94* 

8.28* 

3.86® 

5.00 

21.95* 

25.78* 

29.65* 

36.18* 

44 58* 

57.55® 

69.17* 

68.57® 

56.51* 

37.89* 

22.77® 

12.89* 

6.67® 

7.00 

41.75* 

50.65* 

58.75* 

69 51* 

88.48* 112.77* 

126.87*117.24* 92.76* 

65.40* 

43.51* 

28.79* 

18.13* 

10.00 

64.68* 

74.09* 

64.42* 99 17* 120 68* 143.81* 153.88*137.73*113.10* 65.31* 

59.48® 

42.86* 

31.54® 

15.00 

134.14® 

139.67® 

154.49® 179 30° 202.48® 2 1 5.66* 206.80® 180.14® 

157.36® 132.84*100.15® 

83.21® 

79.40® 

20.00 

278.22- 

263. 29* 282.72° 324 18° 339.65° 323. 45® 277. 94* 235. 61*218.99® 206.80*168.63® 161.54* 

199.87® 


* E*tr*pol*l*d from ©ri|in*J dntn. Vnrulion in d*U <10%, >10%*, >20%*, >50%°, >100%* 



Average NjO (pi U) for OrTOPFR 


~ T~ 

Latitude (“Nl } 
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1 .4 1° 
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0.59° 
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0.80° 

1 07° 

116°' 1 28 c 1 54° 1.82° 

1 96° 

1.59° 

1.05° 

0 .66° 

0.30* 

1 82° 

1 72° 

l 23° 

1.07° 

1.40° 

1.52° 1 68° 2.00° 2.35° 

2.51° 

2 .00° 

1.32° 

0 84° 

0 40* 

| 2.32° 

2. IB' 7 

1.60° 

1 42° 

1 83 c 

1.99° 2.21° 2.61° 3 04° 

3.2 l c 

2 53° 

1 .66° 

1.06° 

0 50* 

2 95° 

2.75° 

2.08° 

1.89° 

2 39° 

2.61 c 2.8 J ,; 3 39° 3.92° 

4.12° 

3.20° 

2 .10° 

1.37° 

0 70 

4.01° 

3.77° 

3.05® 

2 87® 

3 51® 

3 86® 4.29* 6.00* 5.69® 

8.80® 

4 41® 

2 83® 

1.83® 

1.00 

4.56* ' 

4 59* 

4.07° 

3 90* 

4 74® 

5 24* 6.86* 6 86® 7 61® 

7 28® 

5.37* 

3.30* 

1.94° 

1.60 

5.64° 

6.35* 

6 58* 

6 80® 

7.79® 

8 75® 9.8 r »® 11.61® 12.37® 

10.64® 

7.46® 

4.25° 

2.15° 

2.00 

6.97* 

8.80* 

10 64® 

11 .66® 

12.83® 

14.59* 16.57* 19 67* 20.09* 

15.54® 

10.38* 

5.48° 

2.38° 

3 00 

10 89* 

13 20* 

15 56* 

17.57* 

20.18® 

23.44® 26 80* * 15* 28.59® 

21.59* 

14.53® 

7.98° 

3.72° 

4 00 

17.03* 

19 65* 

22.37® 

25.96® 

31 22® 

37.01* 42.61* 45.33* 39 92® 

29.62® 

20.14® 

11 57® 

5.84° 

6.00 

26 63* 

29.25* 

32.14® 

38 35® 

48.30® 

58.46* 67 75* 68 16® 55 74® 

40 63® 

27.92* 

16 78° 

9 18° 

7 00 

59.18* 

59 84* 
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105 20* 131 63*153 45* 140 02*101.29® 71.89® 

50.45* 

33.01* 

21 .02° 

10 00 

75.74° 

79 13* 

83.38* 

100.37® 

132.03® 

160.71*175 36* 158.82* 123. 17® 91.68® 

66.28® 

47.31® 

34.21® 

15.00 

114.25*126 06° 

130.77* 

155.07* 

192 79* 224 14® 2 19 04*195.91*170.66® 137.80® 104.36® 86.18® 

77.04® 

20 00 

| 172.34*200 53° 224 35° 

239 59°281 52*312 61*273 60*241 67*236 46*206.20* 164.37* 157.00* 173.5l*| 


Average N^O (ppbv) for NOVEMBER 


PreM. 

(mb) 

Latitude (*N) 
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0 63°~ 

0.73° 
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0.55° 

0 55° 

0.70° ~ 

0.99° 

0.85° 

0 60° 

0.61 

0 15* 

0.33° 

0.5 

0 76° 

0.73° 

0.84° 

0.82° 

0.62° 

0.64° 

0.80° 

1.12° 

0.97° 

0.68° 

0.68 

0 20* 

0.3a° 

0 67° 

0.87° 

0 85° 

0.97° 

0.94° 

0.72° 

0.74° 

0 92° 

1.28° 

1 09° 

0.77° 

0.76 

0 30* 

0.51° 

0.88° 

1.14° 

1.13° 

1.29° 

1 23° 

0.96° 

0.98° 

1.22° 

1.65° 

1.41° 

0.98® 

0.94 

0 40* 

0.68° 

1 15° 

1.50° 

1.62° 

1.72° 

1.62° 

1.26° 

1.29° 

160° 

2.12° 

1 81° 

1.25* 

1.17 

0 SO* 

0.91° 

1.50° 

1.96° 

2.03° 

2.28° 

2 13° 

1 67* 

1.72° 

2.11° 

2.73 r 

i2® 

1.60® 

1.45 

0.70 

1.39° 

2.21° 

2.89® 

3.10® 

3.44® 

3.18® 

2.54* 

2.61® 

3 14® 

3 87® 

3.27® 

2.21® 

1.82* 

1.00 

1.93° 

2.96° 

3 92® 

4.35® 

4 73® 

4.37* 

3 66* 

3.73* 

4.24* 

4.84* 

4.07® 

2.60® 

1.73® 

1.50 

3.36° 

4 84® 

6.50® 

7.65® 

8 05® 

7.43® 

6 89® 

6.74® 

7.03® 

7.01® 

5.87® 

3.41® 

1.59® 

2.00 

5 86° 

7.90® 

10.78® 

13.45® 

13.70* 

12.65® 

12.24* 

12.20® 

11.65® 

10.15* 

8.47® 

4.47® 

1.47* 

3 00 

9 17° 

12.11® 

16 24® 

20.77® 

22.15® 

20.96* 

20.47® 

20.39® 

19.00® 

15.87* 

12.51® 

6.78* 

2.53® 

4.00 

14.09* 

18,25® 

24 04® 

31 42® 

35.19* 

34.16® 

33 53® 

33.42® 

30.50® 

24.58* 

18.29® 

10.24* 

4.45* 

5.00 

21.63® 

27 50® 

35.59® 

47.51® 

55.91* 

55.68* 

54.92® 

54.75® 

48.97* 

38.08* 

26.74* 

15.47* 

7.84° 

7.00 

46.96° 

57.43* 

71.47® 

98.61® 

126.69* 131.00* 131.04* 130.73*113.14® 

83.13® 

53.19® 

32.77* 

21,80° 

10.00 

66.48° 

74.96° 

65.44® 

112.39® 147.60* 153.91® 150.24*150.14*133.67*104.57® 72.66* 

48.32* 

33.94° 

15.00 

118 64° 116 86° 115.06® 139.76® 190 39* 199 19® 188 71® 169. 1 1® 

176 49*153.29*122.19® 92.27° 

70.97® 

20.00 

211 73° 182.16° 154.94® 173 81® 245.58® 257.71® 237.02*238 19® 233.03® 224.71® 205.49° 176 21° 14M1®| 


Average NjO (ppbv) for DECEMBER 


Preee. 

(mb) 

Latitude (*N) ! 
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0.31° 0.60° 
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1.09° 

0.81° 


0.51° 

~0S7 rr ~ 

0.77° 

0.7 4^ 

0.56° 

Tso* - 

0.16* 

0 16° 

0.36° 0.70° 

1.11° 

1.24° 

0.93° 

0.66° 

0.69° 

0.66° 

0.87° 

0.84° 

0.64° 

0.57° 

0.20* 

0.19° 

0.41° 0.81° 

1.28° 

1.42° 

1.06° 

0.75° 

0.67° 

0.75° 

0.99° 

0.94° 

0.73° 

0.65° 

C 30* 

0.26° 

0.66° i.07° 

1.67° 

1 86° 

1.30° 

0.98° 

0 88° 

0.08° 

1.26° 

1.20° 

0.94° 

0.84° 

0 40* 

0.35° 

0 75° 1.43° 

2.19° 

2.43° 

1.80° 

1.28° 

1.15° 

1.28° 

1.62° 

1.52° 

1.21° 

1.09° 

0.50* 

0.47° 

1.01° 1.90° 

2.86° 

3.17° 

2.35® 

1.66* 

1.50° 

1.68° 

2.06° 

1.93® 

1.56° 

1.41° 

0 70 

0.73° 

1.56° 2 89* 

4 26® 

4 69* 

3.47* 

2 44® 

2.21* 

2.45* 

2.89* 

2.65® 

2 14* 

1.88® 

1 00 

1.08° 

2 21° 4 04° 

5.90® 

6 43* 

4.7u fl 

3.33® 

2.94* 

3 16® 

3 59* 

3 18® 

2.41® 

1.02® 

1.50 

2.05° 

3 97® 7 03® 

10 16® 

10.90® 

8,06* 

5 57® 

4.75* 

4.83® 

5.13® 

4.29® 

2.94® 

1.99* 

2.00 

3.92° 

7 12* 12.26* 

17 49® 

18.46® 

13.64® 

9.54® 

7.66* 

7.39® 

7.34° 

6 79® 

3 68* 

2 06* 

3.00 

6.63° 

11.08® 18 08® 

26 14® 

28.71® 

21.97® 

15 56® 

13.20® 

12.80® 

12 10® 

9.22* 

6.61* 

3.12* 

4-00 

10.95® 

16.89® 26.09® 

38.29* 

43.84® 

34.79® 

25.48* 

22.48® 

21.98® 

19.81® 

14.62® 

8.78® 

4.80* 

5.00 

18.10* 

25.73® 37.65® 

56 07® 

66.93® 

66.09® 

41.78® 

38.28® 

37.75® 

32.44* 

23.19® 

13.76® 

7.37° 

7.00 

44.42* 

54.57* 72.23* 

109.70* 140 86* 124.40* 100.44* 98.21* 

98.13® 

78.26* 

53.44* 

31 18° 

16.21° 

10.00 

69.11° 

68.65* 84.97* 120.29* 165.71* 149.08® 

124.85® 

119.72® 

117.36® 102.70® 78.12® 

47.35° 

26.10° 

15.00 

95.19° 

100 65° 11 1.40® 140.27® 183.98® 201.64* 179 40* 166 55* 168.13* 161-52® 147.07° 95 15° 

57.75° 

20.00 

153.29° 147.56° 146.04* 163.58® 217.38® 

272 46® 257.78® 231.69*213 07® 

254.04* 276.89° 191 .23° 127. 78 c 


• Extrapolated from orifinal data. Variation in dati'ClO*, >10%^*, >20%*, >50%°, >100%° 




Avcrife CH< (ppmvj for JANUARY 


P re*. 

Latitade (*N) "I 

_imb) 

-50* 

-40 

-30 

-20 

-10 

0 

+ 10 

+20 

+30 

+40 

+50 

+60 

+70* 

0.10* 

0.14 

0.12 

0.10* 

0.09* 

0.10* 

0.11* 

0.12* 

0.12* 

0.12* 

0.11* 

0.09* 

0.08* 

0.07® 

0.16* 

0.14 

0.12 

Oil* 

0.10* 

0.11* 

0.12* 

0.13* 

0.14* 

0.13* 

0.12* 

0.10* 

0.09* 

0.08* 

0.20 

0.14 

0 13 

0.12* 

0.11* 

0.12* 

0.13* 

0.14* 

0.15* 

0.14* 

0.13* 

0.11* 

0.09* 

0.08* 

0.30 

0.15 

0.15* 

0.14* 

0.15* 

0.16* 

0.17* 

0.17* 

0.17* 

0.16* 

0.15* 

0.13* 

0.11* 

0.09* 

0.40 

0.15* 

0.16* 

0.18* 

0.19* 

0.21* 

0.21* 

0 21* 

0.21* 

0. 19* 

0.18* 

0.18* 

0.13* 

0.10* 

0.50 

0.16* 

0.18* 

0.22* 

0.25* 

0.26* 

0.26* 

0.26* 

0.25* 

0.22* 

0.20* 

0.19* 

0.10* 

0.12* 

0.70 

0.17* 

0.22* 

0.28* 

0.35* 

0.37* 

0.35* 

0.33* 

0.30* 

0.27* 

0.25* 

0.23* 

0.20* 

0.14* 

1.00 

0.20* 

0.25* 

0.32* 

0.40* 

0.42* 

0.40* 

0.38* 

0.34* 

0.30* 

0.27* 

0.20* 

0.22* 

0.10* 

1.50 

0.24* 

0.31* 

0 40* 

0.51* 

0.54* 

0.50* 

0.46* 

0.40* 

0.35* 

0.32* 

0.30* 

0.28* 

0.19* 

2.00 

0.29* 

0.38* 

0.50 

0.64 

0.69 

0 63 

0.55 

0.47* 

0.40* 

0.37* 

0.35* 

0.31* 

0.23* 

3.00 

0.34* 

0.44* 

0.50* 

0.69 

0.76 

0.70 

0.63 

0.54* 

0.47* 

0.43* 

0.41* 

0.35* 

0.26* 

4.00 

0.41* 

0.50* 

0.61* 

0.75 

0.82 

0.78 

0.71 

0.61* 

0.54* 

0.61* 

0.48* 

0.40* 

0.29® 

5.00 

0.49 

0.57* 

0.67* 

0.80 

0.89 

0.87 

0.79 

0.70 

0.63* 

0.60* 

0.55* 

0.45* 

0.32* 

7.00 

0.67 

0.71 

0.79* 

0.91 

1.02* 

1.05 

0.99 

0.69 

0.82 

0.79 

0.72* 

0.58* 

0.41* 

10.00 

0.76* 

0.78* 

0.83* 

0.94* 

1.06* 

1.14* 

1.10* 

0.99* 

0.92* 

0.90* 

0.83* 

0.69* 

0.56® 

13.00 

0.93* 

0.90* 

0.91* 

0 99* 

1.14* 

1.31* 

1.31* 

1.18* 

1.12* 

1.11® 

1.03* 

0.95* 

0.94* 

30.00 

1.15* 

1.05* 

1.00* 

1.04* 

1.22* 

1.50* 

1.67* 

1.42* 

1.35* 

1.37* 

1.28® 

1.29* 

1.57® 





Aver if e 

CH 4 (ppmv) for FEBRUARY 





Pr«*« 

Latitude (*N) 1 

(mb) 

-50* 

-40 

-30 

-20 

-10 

0 

+ 10 

+20 

+30 

+40 

+50 

+60 

+70* 

0.10* 

0 16 s 

Oil* 

0 08* 

0.08* 

~6 09 s 

0.10* 

0 to* 

0. !0* 

0.09* 

0 09* 

0.09* 

0.08* 

0.07® 

0.15* 

0 17* 

0.12* 

0.09* 

0 09* 

Oil* 

0.11* 

0.12* 

0.11* 

0.10* 

0.10* 

0.09* 

0.08* 

0.07* 

0.20 

0.17* 

0.13* 

0.10* 

0.11* 

0.12* 

0.13* 

0.13* 

0.12* 

0.11* 

0.11* 

0.10* 

0.09* 

0.08* 

0.30 

0 17* 

0.15* 

0.14* 

0.15* 

0.16* 

0 16* 

0.18* 

0.15* 

0.14* 

0.14* 

0.13* 

0.11* 

0.10* 

0.40 

0.17* 

0 17* 

0.18* 

0.20* 

0.21* 

0.20* 

0 19* 

0.19* 

0 18* 

0.17* 

0.10* 

0 13* 

0.12* 

0.50 

0 17* 

0 20* 

0.24* 

0.27* 

0.28* 

0.25* 

0.24* 

0.24* 

0.23* 

0.21* 

0.19* 

0.16* 

0.14* 

0.70 

0.18* 

0.25* 

0.33* 

0 40* 

0.39* 

0.34* 

0.32* 

0.33* 

0.31* 

0.28* 

0.25* 

0.21* 

0.18® 

1.00 

0.20* 

0.28* 

0.38* 

0.46* 

0.45* 

0.39* 

0.37* 

0 37* 

0.34* 

0.31* 

0.27* 

0.23* 

0.21® 

1.50 

0.25* 

0.34* 

0.46* 

0.56* 

0.57* 

0.51 

0.47* 

0.44* 

0.40* 

0.36* 

0.32* 

0.28* 

0.27® 

2.00 

0.29* 

0.42* 

0.67* 

0.70* 

0.72* 

0.66 

0.59 

0.54* 

0.47* 

0.42* 

0.37* 

0.35* 

0.34* 

3 00 

0.35* 

0.48* 

0.62 

0.75 

0.79* 

0.73 

0.67 

061* 

0.53* 

0.47* 

0.42* 

0.39* 

0.38* 

4.00 

0.41* 

0 53 

0.67 

0.80 

0.85 

0.81 

0 74 

0 68 

0.69 

0.52* 

0.48* 

0.45* 

0.41® 

5.00 

0 49* 

0.60 

0.73 

0.86 

0.92 

0.89 

0.83 

0 76 

0.66 

0.58 

0.54* 

0.51* 

0.45* 

7.00 

0 65 

0.73 

0 84 

0.96 

1.04 

1.06 

1.00 

0.92 

0 81 

0.71 

0.68* 

0.63* 

0.54* 

10.00 

0.71* 

0.78* 

0.87 

0.98 

1.08* 

1.14* 

1.12* 

1.02* 

0 69* 

0.80* 

0.79* 

0.75* 

0.08* 

15.00 

0.83* 

0 86* 

0 93 

1.02* 

1.15* 

1.29* 

1 33* 

1.20* 

1.03® 

0.99* 

1.00® 

1.00* 

0.99® 

2000 

0 97* 

0.95* 

0 99* 

1.06* 

1.21* 

1.46* 

1 i* 

1 40* 

1.20® 

1.23® 

1.28* 

1.32® 

1.43® 





Avcrifc CH 4 

(ppmv 

) for MARCH 






Pret* 

Latitude (*N) 1 

(mb) 

-SO* 

-40 

-30 

-20 

-10 

0 

+ 10 

+ 20 

+ 30 

+ 40 

+50 

+60 

+ 70* 

o.W 

r " 0 18 

0 1l*~ 

UOB® 


0 .10*"" 

o.io* - 

0.10*" 

0 09*" 

0.08** 

0 08 

0.06 

0 Oft* 

O.OS 1 ^ 

0.1S* 

0 18* 

0.12* 

0.1)9® 

0.09* 

0.11* 

0.11* 

0.11* 

0 10* 

0.09* 

0.09 

0.08 

0.07* 

0.06° 

0.20 

0 18* 

0.13* 

0.1 1 3 

0.11* 

0.12* 

0.13* 

0.12* 

0 12* 

o.n* 

0 10 

0.09* 

0.08* 

0.06® 

0.30 

0.18* 

0 17* 

0.16* 

0.15* 

0.16* 

0.16* 

0.16* 

0.15* 

0.14* 

0.13* 

Oil* 

0.09* 

0.08® 

0 40 

0.19* 

0.21* 

0.22* 

0.21* 

0.20* 

0.19* 

0.18* 

0.18* 

0.18* 

0 16* 

0.14* 

0 12* 

0.10* 

0.50 

0.19* 

0.26* 

0.31* 

0.29* 

0.26* 

0.24* 

0.23* 

0.23* 

0.23* 

020* 

0.17* 

0.14* 

0.13* 

0.70 

0 19* 

0.34* 

0.47* 

0.43* 

0.35* 

0.31* 

0.30* 

0 31* 

0.31* 

0.27* 

0.22* 

0.19* 

0.18* 

1.00 

0.22* 

0 36* 

0.50* 

0.48* 

0.41* 

0.36* 

0.35* 

0.38' 

0.35* 

0.30* 

0.24* 

0.21* 

0.20* 

1 60 

0.26* 

0 40* 

0.55* 

0.58* 

0.53* 

0 47 

0.45 

0 48* 

0 43* 

0.30* 

0.30* 

0 27* 

Oi- 

2.00 

0.31* 

0 45* 

0.61 

0.70* 

0.68* 

0.61 

0.58 

0.58 

0 53 

0 44 

0.36* 

0.33* 

0.32* 

3.00 

0.36* 

0.50* 

0 66 

0.76* 

0.75* 

0.69 

0.66 

0.65 

0.59 

0.49 

0.41* 

0.39* 

0.37* 

400 

0.41* 

0.55* 

0.71 

0.81* 

0.82* 

0.76 

0.74 

0.72 

0.65 

0.54 

0.40* 

0.44* 

0.43* 

5.00 

0.48* 

0.61* 

0.76 

0.87 

0.89 

0.85 

0.83 

0.80 

0.71 

0.59 

0.52* 

0.51* 

0.50* 

7.00 

0.62 

0.73 

0.86 

0.99 

1.04 

1.03 

1.02 

0.96 

0.84 

0.70* 

0.65* 

0.06* 

0.66* 

10.00 

0.68* 

0.78* 

0.90 

1.02 

1.08* 

1.11* 

1.12* 

1 05* 

0.92* 

0.82* 

0.76* 

0.70* 

0.79* 

16 00 

0.82* 

0.86* 

0.97* 

1.08* 

1.15* 

1.24* 

1.31* 

1.22* 

1.08* 

1.05* 

1.00* 

0.97* 

1.06* 

20.00 

0.97* 

0.96* 

1.04* 

1.16* 

1.22* 

1.39* 

1.52* 

141® 

1.26® 

1.34* 

1.31* 

1.24* 

1.40* 


• Extrapolated from ocifiad data. Variatioa in dataVlQ#, >10%*, >20%®, >50% c , >100%® 






Average ril 4 (p p mv) for APRIL 


-SO —to -30 -20 -10 n -* 10 +20 +30 -mu +au + OU +/U- 

on* 

Oil* 


0.11* 

0.11* 0.10* 

0.10* 

0.09* 

0.09* 

0 08 

0.06 

0.05 

0.15* 

0 12® 

0.10® 

0.10* 

0.12* 

0.12* 0.12* 

0.11* 

0. 10* 

0.10* 

0.08 

0 06* 

005® 

0 16* 

0 14® 

0.12® 

0.12* 

0.13* 

0.13* 0.13* 

0.12* 

0.11* 

0.11* 

0.09 

0.07* 

0.06® 

0. 17* 

0.17® 

0.16® 

0.15* 

0 16* 

0.16* 0.16* 

0 16* 

0.15* 

0 13* 

0.11* 

0.08* 

0.07® 

0 19* 

0 20* 

0 20* 

0.19* 

0.19* 

0.19* 0 19* 

0 20* 

0.19* 

0.16* 

0 13* 

0 10* 

0.08® 

0 21* 

0 25* 

0.26* 

0 25* 

0.23* 

0.23* 0 24* 

0.25 A 

0.25* 

0 20* 

0 15* 

0 12* 

0.10® 

0.24* 

0 32* 

0.36* 

0.34* 

0.30* 

0 29 0.31* 

U 34* 

0.34* 

0 26* 

0 19* 

0.15* 

0. 13* 

0 26* 

0.34* 

0.41* 

0.40* 

0 35* 

0.33 0 35 

0 39* 

0.38* 

0 29* 

0 21* 

0.10* 

0.15* 

0 29* 

0.40* 

0 49* 

0.50* 

0.45* 

0 42 0.44 

0 47 

0.44* 

0 35* 

0.26* 

0.22* 

o. 2 <y 

0 34* 

0 45* 

0.58* 

0.63* 

0.59* 

0 54 0.55 

0.58 

0 53 

0 42 

0 33 

0.28 

0.25 

0.39* 

0 52* 

0.65* 

0.71* 

0.67* 

0.63 0.63 

0 85 

0 59 

0.47 

0.37 

0 33 

0.31 

0.45* 

0 58* 

0.72* 

0.78* 

0.76* 

0.72 0.71 

0.71 

0.65 

0.52 

0.42* 

0.38 

0.37 

0 52* 

0.66* 

0.79* 

0 86* 

0 85 

0.82 0 80 

0 79 

0.73 

0.58* 

0.47* 

0 44 

0 45 

0.68* 

0,8 1 * 

0.94 

1.02 

1.05 

1.04 1 00 

0 95 

0.88 

0.71* 

0.58* 

0.59* 

0 63 

0.74* 

0 87* 

0.99 

1.06 

1 09* 

111 1.08 

1.02 

0.96* 

0.82* 

0.72* 

0.74* 

0.78 

0.85* 

0.96* 

1.08* 

1.14* 

1.16* 

1 25* 1.25* 

1.16* 

Ml* 

1.06* 

1.04* 

1.07* 

M3' 

0 98* 

1 07* 

1.19* 

1.23* 

1.24* 

1 40* 1.43* 

1 32* 

1 29* 

1 38* 

1.48® 

1.50* 

1.62' 

Average OH« (ppmv) for MAY 

Latitude (°N) 

-50* 

MO 

-30 

-20 

-10 

0 +10 

+ 20 

+ 30 

+ 40 

+ 50 

+ 60 

+ 70 

0 05* 

0 08* 

Oil* 

0.11* 

oiT* - 

0.12* 0.11* 

0.11* 

o icF 1- 

0 09^ 

0 07* 

0.06 s 

0 06 

0.06* 

0.09* 

0.12* 

0.12* 

0.12* 

0.13* 0.12* 

0 12* 

0 11* 

0.10* 

0.08* 

0.07 s 

0 06 

0 07* 

0 10* 

0.13* 

0.13* 

0.13* 

014* 014* 

0 13* 

0 13* 

0 11* 

0.08* 

0.07 s 

0.07 

0.09° 

0.13* 

0.15* 

0.15* 

0.15* 

0.16* 0.17* 

0 17* 

0.16* 

0.13* 

0 10* 

0.08* 

0.07 

0.11® 

0 15* 

0,18* 

0.17* 

0.18* 

0.19* 0.20* 

0.21* 

0.20* 

0.15* 

0.11* 

0.09* 

0.08 


0 14® 

0 19* 

0 21* 

0 20* 

0.21* 

0.22* 

0.25* 

0.26* 

0 25* 

0.18* 

0.13* 

0 11* 

0.09® 

0.20® 

0 24* 

0 26* 

0.25* 

0 25 

0.28 

0.32* 

0 35* 

0.33* 

0.23* 

0 10* 

0.13* 

0.10* 

0.23® 

0 28* 

0.30* 

0 29* 

0.30 

0.32 

0.36* 

0 40* 

0 37* 

0,26* 

0.19* 

0.15* 

0.12* 

0 30® 

0.30* 

0 39* 

0 38* 

0 39 

0.41 

0.45* 

0 48* 

0 44* 

0.32 

0.23* 

0.19* 

0.10* 

0.38* 

0.46* 

0 50* 

0.50* 

0.60 

0 52* 

0 57 

0 59 

0 52 

0.39 

0.29* 

0.24* 

0.21* 

0.45* 

0 53* 

0.57* 

0 58* 

0.59 

0.60 

0 64 

0.66 

0.58 

0.44 

0.34* 

0 29* 

0.27* 

0 S3* 

0 61* 

0.66* 

0.68 

0.88 

0 69 

0.72 

0.73 

0 65 

0 50 

0.39* 

0,35* 

0 33* 

0 63* 

0.70* 

0 75 

0 78 

0.79 

0.78 

0 80 

0 SO 

0 72 

0.56* 

0.45* 

0.42* 

0.40* 

0.83* 

0.89* 

0.96 

1.02 

1.03 

0.V9 

0.98 

0.96 

0.86 

0.70* 

0.60* 

0.58* 

0.58 

0.87* 

0 97* 

1.04 

1 08 

M0 

1.06 

1.06 

1.00 

0.91* 

0 80* 

0.73* 

0.73* 

0.74* 

0.94* 

1.10* 

1 20* 

1.21* 

l 22 

1.24 

1.20* 

1 09* 

1.00* 

l.UO* 

1.04* 

1.07* 

MO* 

1.01* 

1 24* 

1.38* 

1.35* 

1.37 

1 42* 

1-35* 

MS' 4 

1.09* 

1 25® 

1 48® 

1.57* 

1 63* 

Average CH< (ppmv) for JUNE 






Latitude (* 

N) 







0.10* 

0.14* 

0.18* 

0.18 

0.12® 

0.16* 

0.20* 

0.21 

0.15® 

0.20® 

0.23* 

0.25- 


D.OO I 1,58® 1.57® 1,49* 1.36* 1 .33* 136* 1.30* 1.15* l.or 1.11° 1-27* 1.43" 1. 
Extrapolated from original data. Variation in data ^40%, >10%*, >20%®, >50% ( -', >100% 
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Av«r*f« CH« (ppmv) for JULY 


Frcaa. 

Latitude (*N) | 

jm^L 
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-20 
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4 10 

4 20 

4 30 

4-40 

4-50 

4-60 

-470* 

0.10* 
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0.1 2 4 
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0.07® 

0.15* 

0 09 

0 1 1 

0 IS 4 

0 13 4 

0 13* 

0 1 4 4 

0 1 3 4 

0 12 4 

Oil 4 

0 IU 4 

0.09 4 

0.08® 

007® 
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o oy 
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0 14 4 
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0 15* 

Oil* 
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0 u 4 

o r* 4 

Oil 4 

u.oy 4 

OOfl 4 

0 07® 

0.30 

0 09 

0 13 4 

0.1ft 4 

on 4 

0 l? 4 

0. 1 J 4 

0.19 4 

o.i a 4 

O.lfl 4 

0.13 4 

0.10 4 

0.09 4 

0.07* 

0 40 

0 09 4 

0 14 4 

0 18 4 

0.19 4 

0.21* 

0.23 4 

0 25 4 

0 24* 

0 2l 4 

o.ie 4 

0. 12* 

0.09 4 

0.07* 

o r.o 

o nr 1 

0 )5 4 

0 20 4 

n 22 a 

0 75* 

(1 78* 

n VI* 

u m a 

0 27 4 

0 ID 4 

o n 4 

0 lO 4 

0.07 4 

0 70 

0 J 1° 

0.1 B 4 

0.24 4 

0.2? 4 

o il 4 

0.J7 4 

0 4 J 4 

0.45 4 

U.38 4 

0.26 4 

0.15 4 

o.u 4 

0.08 4 

1 00 

0. 13® 

0.20 4 

0 2ft 4 

0.29 4 

0.33 4 

0 40 4 

0.48 4 

0 50 4 

0 42 4 

0.2ft 4 

0.17 4 

0.12 4 

O.IO 4 

1.50 

0 19® 

0 25 4 

0.30 4 

0.34 4 

0.39 4 

0.47 4 

0.5ft 4 

0.59 4 

0 SO 4 

0.33 4 

0.21 4 

0 16 4 

0 13 4 

2.00 

0.2«® 

0 31® 

0 35 4 

0 S9 4 

0.45 4 

0 5i 4 

0 ft7 4 

0.69 

0.58 

0.40 4 

0.2ft 4 

0.2 0 4 

0.1T 4 

3 00 

0.32® 

0.38 4 

0.4 1 4 

0.4ft 4 

0.62 4 

0.C2 4 

0.73 

0.74 

0.04 

0 4ft 4 

0.32 4 

0 25 4 

0.2S 4 

4 00 

0 37** 

0 46 4 

0.51 4 

0 54 4 

o.ei 4 

0.70 4 

0 80 

0 79 

0.70 

0.63 4 

0.38 4 

0.32 4 

0.29 

6 00 

0 44 4 

0.54 4 

0 60 4 

0 64 4 

0.70 4 

7k 4 

0.80 

0.85 

0.7ft 

O.ftO 4 

0.4fl 4 

0 40 4 

0.38 

7 00 

(JOG 

0 75 4 

0 84 4 

G 87* 

0.92 4 

0.98 

l 00 

0.95 

0 89 

0.7ft 4 

0.ft5 4 

0 61 

0.60 

to 00 

0 82 

0 93 4 

0.9ft 4 

0.96 4 

l 00* 

1 05 4 

1 Oft 

1.00 

0 92 4 

0 83* 

0.74* 

0.73 

0.76 

IS 00 

1 39 

1.30 4 

1 20* 

M3 4 

1.1ft 4 

1.19 4 

1 17 4 

1.08 4 

0 98 4 

0.94 4 

0.92 4 

0.98 

I. IS 

j 20 00 

2 33 

1 83 4 

l 50 4 

1 3T 4 

1 33 4 

1 3S 4 

1 29 4 

1 17 4 

1 05 4 

1.07® 

1 U 4 

1.33 4 

1.72 





Avari|t CH , 

(ppmv) for AUGUST 






Proa. 

latitude (*N) t 

(mb) 

-50* 

-40 

-30 

-20 

-30 

0 

4-10 

4-20 

+ 30 

4-40 

+ 50 

4-60 

4-70* 
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0 09 

CJ 10 

0.11 

0.13 4 

0.13 4 

0,13®" 

o.ir 1 " 

0.10 4 

O.IO 4 

o.fiy r 

0.11 4 

0.11 4 

0.11® 

0 15* 

0 09 

0)1 

0 12 

0 14* 

0 15 4 

0.16* 

o.u 4 

D.12 4 

Oil 4 

Oil 4 

0 12 4 

on 4 

0 10® 

0 20 

0.10 

0 12 

0 14 

0.15* 

0.1ft 4 

0 17® 

o ie 4 

O.U 4 

on 4 

0.13 4 

0.12 4 

on 4 

0.10® 

0.30 

0 11 

0.14 

0 17 

0.19* 

0.19 4 

0.2 1 4 

0.21 4 

0.20 4 

0.18 4 

O.lfl 4 

0 13 4 

0.11 4 

0.09® 

0 40 

0.12 4 

0 17 4 

0 21 

0.23* 

0.23 4 

0 2ft 4 

0.28 4 

0.28 4 

0 2S 4 

0.2O 4 

0.15 4 

o.n 4 

0.08 4 

0 50 

0 13 4 

0.2O 4 

0 26 4 

0.28 4 

0.28 4 

0 32 4 

0.37 4 

0.39 4 

0 34 4 

0.24 4 

0.1ft 4 

O.ll 4 

0.08 4 

0 70 

o.ie® 

0 25 4 

0.S4 4 

0.35 4 

0.35 4 

0.42 4 

0.52 4 

0.58 4 

0.49 4 

0.32 4 

0.19 4 

O.ll 4 

0.07 4 

1 00 

0 18® 

0 26 4 

0 33 4 

0.35 4 

0.37 4 

0 45 4 

0 LO 4 

0.01 4 

0 52 4 

0.34 4 

0.20 4 

0.13 4 

0.09 4 

1.50 

0.24® 

0 28 4 

0 S3 4 

0 3S 4 

0 41 4 

0.82 4 

0.62 4 

0 ftft 

0.57 4 

0.39 4 

0.23 4 

0 IB 4 

O.ll 4 

2.00 

0.31® 

0.30 4 

0.32 4 

0 30 4 

0.45 4 

0.60 4 

0,70 

0.71 

0 62 

0.45 4 

0.2ft 4 

0.17 4 

0 15 4 

3.00 

0.37® 

0.3ft 4 

0.38 4 

0.42 4 

0.B1 4 

0 6ft 4 

0.75 

0,77 

0.67 

0.50 4 

0.31 4 

0 22 4 

0.19 4 

4.00 

0.43® 

0.43 4 

0.4ft 4 

0.50 4 

0.59 4 

0.73 4 

0.81 

0.82 

0 73 

0.5ft 4 

0.3B 4 

0.28 4 

0.25 4 

6.00 

0.50 4 

0.52 4 

0.54 4 

0.59 4 

0.68 4 

0.79 4 

0.88 

0.88 

0.79 

0.62 4 

0.45 4 

0.30 4 

0.33 4 

7.00 

0.C7 4 

0 72"* 

0.75 4 

0.79 4 

0.87 4 

0.94 

1.00 

1.00 

0.90 

0.7ft 4 

0.63 4 

0.57 4 

0.53 

10.00 

0.87 4 

0.8ft 4 

0.84 4 

0.8ft 4 

0.95 4 

1.02 4 

1.0ft 4 

1.04 4 

0.9ft 4 

0.83 4 

0.72 4 

0.ft8 4 

0.68 4 

15.00 

1.3ft 4 

1.1 ft 4 

1.02 4 

1.00 4 

1.10 4 

1.17 4 

1.15 4 

1.12 4 

1.05 4 

0.9ft 4 

0.88 4 

0.91 4 

1.06 4 

20.00 

2.13 4 

1.5ft 4 

1.24 4 

1.17 4 

1.28 4 

1.34 4 

1.2ft 4 

1.I9 4 

lift 4 

111 4 

1.08 4 

1.23 4 

l.ft4 4 


Awtji CH 4 (ppm?) for SEPTEMBER 


Proa 

(mb) 

Laiituda (*N) 

-50* 

-40 

-30 

-20 

-10 

0 

4-10 

4-20 

4-30 

4-40 

+50 

4-60 

4-70* 

0 10* 

'ojo®~ 

0 10* 

O.IO 4 

0- 13 4 

0.14 4 

O.U 4 

0 12 4 

O.IO 4 

oTo* 

on 4 

0.16 4 

0.15 4 

0.15 

0.15* 

0.11® 

Dll* 

0 12 4 

O.U 4 

0 16 4 

0 16 4 

OH 4 

0 12 4 

0 12 4 

o.u 4 

O.lfl 4 

0.15 4 

0.14 

0 20 

0 12* 

0 12 4 

0.13 4 

0.1ft 4 

0.17 4 

0.18 4 

0.16 4 

0.14 4 

O.U 4 

O.lfl 4 

0.17 4 

0.15 4 

0.13 

o.?o 

0.13® 

0.15 4 

0.17 4 

0.19 4 

0 21 4 

0.22 4 

0 21 4 

0.19 4 

0.19 4 

0.20 4 

0.19 4 

0.16 4 

0.11 

0 40 

0.15® 

0 19 4 

0.22 4 

0.24 4 

0.25 4 

0.28 4 

0 28 4 

0 27 4 

0.2ft 4 

0.25 4 

0.21 4 

O.U 4 

o in 

0.50 

0. IS 4 

0.24 4 

0.28 4 

0 2V 4 

0.31 4 

0.34 4 

0.36 4 

0.37 4 

0.3ft 4 

0.32 4 

0.23 4 

O.U 4 

0.08 

0.70 

0.21 4 

0 31 4 

0.38 4 

0.37 4 

0.39 4 

0.45 4 

0.5O 4 

0.54 4 

0.52 4 

0.42 4 

0.2ft 4 

O.U 4 

0.07 

1.00 

0.24 4 

0.32 4 

0.39 4 

0 30 4 

0.42 4 

0.49 4 

0 64 4 

0.5fl 4 

0 5ft 4 

0.44 4 

0.27 4 

0 . u 4 

0.07 

1.50 

0.2B 4 

0.34 4 

0,40* 

0 43 4 

0.48 4 

0 56 4 

0 ft3 4 

0 Oft 4 

0.63 4 

0-48 4 

0.28 4 

0 15 4 

O.OB 4 

2.00 

0.32 4 

0.3ft® 

0.41* 

0.47 4 

Q.54 4 

0.63 

0.72 

0.75 

0.70 

0.53 4 

0.3O 4 

0.15 4 

0.09 4 

3 00 

0.38 4 

0 41 4 

0.45® 

0.52 4 

0.60* 

0 69 

0.77 

0.80 

0.75 

0.58 4 

0.35 4 

0.20 4 

0.12 4 

4 00 

(j 45 4 

0 47 4 

0.51® 

0 57 4 

0.6ft 4 

0 75 

0 83 

0.85 

0 79 

0.63 4 

0 41 4 

0.2ft 4 

0.18 4 

5.00 

0.53 4 

0.54 4 

0.S6 4 

0 62 4 

0.72 4 

0.82 

0.88 

0.90 

0.84 

0.09 4 

0.49 4 

0.34 4 

0.25 4 

7 00 

0.71® 

0.69 4 

0 69 4 

0 73 4 

0.85 4 

0.95 

1 00 

0.99 

0.93 

0.80 4 

0 67 4 

0.55 

0 48 4 

10.00 

0.84 4 

079 4 

0.77 4 

0 81 4 

0 93 4 

1 05 

1.0ft 

1.03 4 

0.98 4 

0.87 4 

0.75 4 

0 67 

0.63 4 

15 UO 

l.ll 4 

0 99® 

0.93* 

0.95 4 

l OB 4 

1 23 4 

1.18 4 

1.10 4 

1.07 4 

0.99 4 

0.9 1 4 

0.93 4 

1.04 4 | 

20 00 

I 1.47 4 

1.24® 

1 13* 

112 4 

1.26 4 

1.45 4 

1.32 4 

1.17 4 

1.17 4 

1.12 4 

111 4 

1 30 4 

1.72 4 | 


* Extrapolated from original data. Variation in data ^10%, >10?< 4 , > 20 %*, >60%°, >100%° 






Average CH« (ppmv) for OCTOBER 


Preaa. 

Latitude (*N) } 

( nib J 

-50* 

- 40 

-30 

-20 

-10 

(1 

-flu 

+ 20 

+ 30 

+40 

+ SO 

+60 

+70* 

0.10* 

0.10 

0 . 10 *“ 

0.11* 

oiF" 

0 15* 

o.ie*~ 

0.lF 

0 li* - 

0.12* 

6.13* 

0 14* 

014*“ 

0 15* 

0.15* 

0.10 

0.11* 

0 12* 

0.14* 

0.16* 

0 18* 

0.16* 

0 14* 

0 13* 

U 15* 

0 15* 

0 14* 

0 14* 

0.20 

0.11 

0 12* 

0.13* 

0.15* 

0.18* 

0.19* 

0.17* 

0 IS* 

0.15* 

0 16* 

0.16* 

0.14* 

0.13* 

0.30 

0.13 

0.15* 

0 16* 

0 16* 

0 21* 

0.23* 

0.22* 

0.20* 

0 20* 

0.20* 

0.18* 

0 15* 

0.11* 

0.40 

0 IS 

0.17* 

0 20* 

0.22* 

0 24* 

0.27* 

0.27* 

0.26* 

0.26* 

0.24* 

0 20* 

0 15* 

0.1D* 

o.so 

0.18 

0.21* 

0.24* 

0.27* 

0.29* 

0.31* 

0.33* 

0 34* 

0.34* 

0.29* 

0 23* 

0.16* 

0.09* 

0.70 

0 21^* 

0.26* 

0.31* 

0 34* 

0.36 

0.39 

0.43* 

0.47* 

0 46* 

0.36* 

0.27* 

0.16* 

0.08* 

1.00 

0.23* 

0.28* 

0 33* 

0.37* 

0.39* 

0 43* 

0.47* 

0.51* 

0 SO* 

0 39* 

0.28* 

0 16* 

0.08* 

1 SO 

0.26* 

0.31* 

0.37* 

0.43* 

0,47* 

0 51* 

0 56* 

0.59* 

0.57* 

0 45* 

0 30* 

0 17* 

0.08* 

2 00 

0.30* 

0.35* 

0.42* 

0.49* 

0.55* 

0.61* 

0.67 

0.69 

0.65* 

0.51* 

0.32* 

0.17* 

0.03* 

3.00 

0.35* 

0.40* 

0.47* 

0.55* 

0.62* 

0.68 

0.73 

0.75 

0.70* 

0.56* 

0.38* 

0.21* 

0.11 

4.00 

0.42* 

0 47* 

0.53* 

0.60* 

0.68* 

0.75 

0.79 

0.81 

0.76* 

0.62* 

0.44* 

0.28* 

0.16 

5.00 

0.4®* 

0.54* 

0.60* 

0.66* 

0.76* 

0.83 

0.86 

0.88 

0.82 

0.68 

0.52* 

0.36* 

0.23 

7.00 

0.67* 

0.71* 

0 74* 

0 78* 

0 91 

0.99 

1.01 

1.01 

094* 

0 82 

0 69 

0.56* 

0.44 

10.00 

0.81* 

0.82* 

0.81* 

0.85* 

0 99 

1.10 

1.10* 

1.07* 

1 00* 

0.90* 

0.78* 

0.68* 

0.57* 

15.00 

1.13* 

1 02* 

0 95 s 

0.97* 

1.15 

1.31 

1.26* 

1.17* 

1.12* 

1.05* 

0.96* 

0.92* 

0.89* 

20.00 

1 57 

1 28 s 

1.11 s 

1 11* 

1.33 

1.57* 

1.45* 

1.28® 

1 26 s 

1.23* 

1 19* 

1.25* 

1.39* 




Average 

CH 4 (pp*" v ) for NOVEMBER 





PreM. 

Latitude (*N) 

(mb) 

-50* 

-40 

-30 

-20 

-10 

0 

♦ 10 

+ 20 

+ 30 

+ 40 

+ 50 

+ 60 

+ 70* 

0.10* 

0.10* 

“oTP^ 

0.13* 

0.13* 

0.14* 

0.15* 

Tu 7 " 

0.13* 

0.13* 

0.13* 

0.11* 

0.09* 

o.oa 

0.15* 

0.11* 

0.12* 

0.13* 

0.14* 

0 16* 

0 16* 

0.15* 

0.14* 

0.14* 

0.14* 

0.12* 

0.10* 

0.08* 

0.20 

0.11* 

0.13* 

0.14* 

0.15* 

0.16* 

0.18* 

0.17* 

0.16* 

0.16* 

0.15* 

0.13* 

0.10* 

0.09* 

0.30 

0.13* 

0.14* 

0.16* 

0.17* 

0.19* 

0.20* 

0.20* 

0.19* 

0.19* 

0.18* 

0.15* 

0.11* 

0.09* 

0.40 

0 14* 

0 16* 

0.18* 

0.20* 

0,22* 

0.23* 

0.24* 

0.24* 

0.23* 

0.21* 

0.17* 

0.13* 

0.09* 

0.50 

0.16* 

0.18* 

0 20* 

0.23* 

0 25* 

0 27* 

0.29* 

0.29* 

0.28* 

0.24* 

0.19* 

0.14* 

0.10* 

0 70 

0.19 s 

0.21* 

0.24* 

0.28* 

0.31* 

0.33* 

0.36* 

0.37* 

0 36* 

0.30* 

0.23* 

0.16* 

0.10* 

1.00 

0.20* 

0.24* 

0.27* 

0.32* 

0 35* 

0.37* 

0.40* 

0.41* 

0.39* 

0.33* 

0.25* 

0.17* 

0.11 s 

1.50 

0.23* 

0.28* 

0.33* 

0.39* 

0.44* 

0.46* 

0.48* 

0.49* 

0.47* 

0.39* 

0.29* 

0.20* 

0.12 s 

2.00 

0.27* 

0.33* 

0 40* 

0.47* 

0.54 

0 S7* 

0.57* 

0.58* 

0.56* 

0.46* 

0.34* 

0.22* 

0.13 s 

3.00 

0.32* 

0.39* 

0.47* 

0.54* 

0,61 

0.65 

0.65 

0.66* 

0.63* 

0.53* 

0.40* 

0.27* 

0.17 s 

4.00 

0.38* 

0.46* 

0.54* 

0 61* 

0.68 

0.73 

0.74 

0 74* 

0.70* 

0.60* 

0.47* 

0.33* 

0.22 s 

5 00 

0 45* 

0.54* 

0 63* 

0.70* 

0,77 

0 81 

0.83 

0.83* 

0.78* 

0.68* 

0.55* 

0.41* 

0.29* 

7.00 

0.62* 

0.72* 

0.81 

0.87* 

0.94 

1.00 

1.03 

1.03 

0.96 

0.86 

0.74* 

0.60* 

0.48* 

10.00 

0.77* 

0.83* 

0 88* 

0.93* 

1.03* 

1.12 

1.13* 

1.10* 

1.05* 

0.67* 

0.84* 

0.71* 

0.61* 

15.00 

1.11* 

1.06* 

1.01* 

1.04* 

1.20* 

1.34* 

1.31* 

1.24* 

1.21* 

1.17* 

1.04* 

0.93* 

0.91* 

20.00 

1 61* 

1.33* 

1.16* 

1.16* 

1.39* 

1.61* 

1.53* 

1.39 s 

1.40 s 

1.42* 

1.28* 

1.23* 

1.35* 

Aveng* CH* (pprov) fr>r DECEMBER 

Pt*mm 

Latitude (*N) 

(mb) 

-50* 

-40 

-30 

-20 

-10 

0 

+ 10 

+20 

+ 30 

+40 

+ 60 

+60 

+70* 

0.10* 

o.n* 

6.12* 

0.12* 

0.12* 

0.12 

0.12* 

6.13* 

0.1 3* 

0.14* 

0.13* 

o.io*- 

0.08 

0 07* 

0.15* 

0.12* 

0.13* 

0.13* 

0.13* 

0.13 

0.13* 

0.14* 

0.14* 

0.16* 

0.14* 

0.11* 

0.09* 

0.07* 

0.20 

0.12* 

0.13* 

0.14* 

0.14* 

0.14 

0.14* 

0.15* 

0.15* 

0.16* 

0.15* 

0.11* 

0.09* 

0.08* 

0.30 

0.13* 

0.16* 

0.15* 

0.17* 

0.17* 

0.17* 

0.18* 

0.18* 

0.18* 

0.16* 

0.13* 

0.10* 

0.08* 

0.40 

0.14* 

0.16* 

0 18* 

0 20* 

0 21* 

0.21* 

0.21* 

0.21* 

0 21* 

0.18* 

0.15* 

0.12* 

0.09* 

0.50 

0.16 s 

0.18* 

0.20* 

0.24* 

0.25* 

0.25* 

0.25* 

0.24* 

0.24* 

0.21* 

0.17* 

0.13* 

0.10* 

0.70 

0.17 s 

0.20* 

0.24* 

0.30* 

0.32* 

0.32* 

0.31* 

0.30* 

0.28* 

0.25* 

0.20* 

0.15* 

0.12* 

1.00 

0.18 s 

0.22* 

0.28* 

0.34* 

0.37* 

0.37* 

0.35* 

0 34* 

0.31* 

0.27* 

0.22* 

0.17* 

0.12* 

1.60 

0.21* 

0.27* 

0.35* 

0.42* 

0.46* 

0.46* 

0.43* 

0.41* 

0.38* 

0.33* 

0.27* 

0.19* 

0.13* 

2.00 

0.23* 

0.32* 

0.43* 

0.52 

0.57* 

0.58* 

0.54* 

0.50* 

0.46* 

0.40* 

0.32* 

0.22* 

0 14* 

3.00 

0 28* 

0.38* 

0 50* 

0.59* 

0 65* 

0.66* 

0.61* 

0.58* 

0.54* 

0.47* 

0.38* 

0.27* 

0.18* 

4.00 

0.35* 

0.46* 

0 56 

0.66* 

0.73* 

0.74* 

0.70 

0.67* 

0.62* 

0.54* 

0.45* 

0.33* 

0 23* 

5.00 

0.44* 

0.64* 

0 64 

0.74* 

0.82* 

0.83 

0.80 

0.77 

0.72* 

0 64* 

0 64* 

0.40* 

0.29* 

7.00 

0 65* 

0.74 

0 81 

0.90* 

1.01* 

1.03 

1.00 

1.00 

0.94 

0 85 

0.74* 

0.58* 

0.44* 

10.00 

0.79* 

0.B2* 

0.87* 

0.95* 

1,06* 

1.14 

1.10 

1.08* 

l.Ofl* 

1.00* 

0.87* 

0.70* 

0.58* 

15.00 

1.08* 

0.99* 

0 97* 

1.05* 

1.22* 

1.34 

1.29* 

1.23* 

1.27* 

1.32* 

1.14* 

0.96* 

0.90* 

20.00 

1.49 s 

1.19* 

1.09* 

1.15* 

1.36* 

1.59 

1.52* 

1.41* 

154 s 

1 75* 

1.51* 

1.30* 

1.41* 


• Extrapolated from original data. Variation in data^ClO^S, >10%*, >20%®, >50% < " ; 1 >100%^ 
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Anna*! Aver a ge N^O (ppbvj 


Preaa. 

(mbj 

Latitude (*N) ] 

-50* 

-40 

-30 

-20 

-10 

0 

+ 10 +20 

+ 30 

+40 

+ 50 

+60 

+70* 

0.10* 

0.53 c * 

0.63 c_ 

0 69 c 

0.69^ 

0 7O c 

0.72 c 

0 82 s 1.01 s 

1.14* 

1.05 s 

0.75 s 

0.55 s 

0.50 s 

0.15* 

o.oo c 

0 72^ 

0.79° 

0.80° 

0 81 c 

0.83 s 

0.94 s 1.16 s 

1.29 s 

1.19 s 

0.85 s 

063 s 

0.57 s 

0.20* 

0.69° 

0.82 c 

0.91 c 

0.92° 

0.93 c 

0.96 s 

1.08 s 1.52 s 

1.47 s 

1.35 s 

0.96 s 

0.71 s 

0.64* 

0.50* 

0.89^ 

1.08 c 

1.20^ 

1.22° 

1 24 c 

1.27 s 

1.43 s 1.73 s 

1.91 s 

1.74 s 

1.23 s 

0.92 s 

0.83* 

0.40* 

1.15 c 

1.42 c 

1.59 c 

1.62^ 

l,65 c 

1.69 s 

1.89 s 2.27 s 

2.49 s 

2.23 s 

1.58 s 

1.19 s 

1.07* 

0.50* 

1.49 c 

l.B6 c 

2.11 c 

2.16 c 

2.20^ 

2 24 s 

2.49 s 2.96 s 

3.23 s 

2.86 s 

2.02 s 

1.53 s 

1.38* 

0.70 

2.14° 

2.74 c 

3.16 c 

3.28 c 

3.35 s 

3 41 s 

3 75 s 4.38 s 

4.67 s 

4.04 s 

2.84 s 

2 16 s 

1.91 s 

1.00 

2.7S C 

3.63 c 

4 37° 

4.66 c 

4.77 s 

4,84 s 

5.26 s 5 96 s 

6.11 s 

6 08 s 

3.56 s 

2.65 s 

2.20 s 

l 50 

4.16 c 

S.S) C 

7.48 c 

8.36 c 

8.57 s 

8 66 s 

921 s 9.96 s 

9.57 s 

7 46 s 

5.20 s 

3.74 s 

2.80 c 

? oo 

6.30® 

9 30 s 

12.80 s 

14.98 C 

15.42 s 

15.50 s 

16 14 s 16.69 s 

14 98 s 

10.95 s 

7.58 s 

5.28 s 

3.57 c 

a. oo 

9.81® 

14.07 s 

19 04 s 

22 69 s 

24.09 s 

24 46 s 

25 13 s 25 07 s 

21.80 s 

15.95 s 

11.16 s 

7.88 s 

*5.46° 

4.00 

15. Gb® 

20 96 s 

27 76 s 

33.60 s 

36 79° 

37 79 s 

38 33 s 36.95 s 

31 24 s 

22.94 s 

16.23 s 

11.63 s 

8 33 c 

500 

23 20® 

31.22 s 

40.47 s 

49.76 s 

56.19 s 

58.36 s 

58 47 s 54.46 s 

44.76 s 

33.00 s 

23 60* 

17.19 s 

12.71 s 

7.00 

50 44-* 

63 93 s 

79.54 s 

100 20 s 119.33 s 126 37^ 123.64* 108.43* 

85.06* 

63.45* 

46.52* 

34.98* 

27.48 s 

10.00 

70 11® 

84 37 s 

100.73 s 122.88 s 144 95 s 153 47* 147.12** 127 91* 103.22* B1.38* 

63.76* 

50.73 s 

41.54 s 

15,00 

121.37® 133.97 s 149.34 s 172.65 s 200.46 s 

212.17* 196.59* 168.46* 142.51* 123.13* 

107.79 s 94.25 s 

82.74® 

20.00 

210 13 s 

212 72 s 

221 41 s 

242 57 s 

277.24 s 293 32* 

262 70*221.87* 196 7 5* 186.35 s 182.25 s 175. II s 164.79* 


* Extrapolated from original data. 


Variation in data < 10%, >10%*, >20% s , >50 %° , >100%° 


Annu.il Avrr.i|fe r'H« (ppiuvj 


Pi 

Latitude (‘ N) ] 

(mbj 

50* 

-40 

-30 

20 

-10 

0 

+ 10 

+ 20 

+ 30 

+ 40 

+ 50 

+ 60 

+ 70* | 

0.10* 

0.10® 

0 10* 

0.10 

0 1 1* 

0 .17*“ 

0.12* 

0”l2'*' 

Oil 

0 10*' 

r W° 

0 0 J n ~ 

008®"“ 

0 08®'] 

0.15* 

0 11 s 

0 11* 

0.12* 

0 12* 

0 13* 

0 14* 

0 13* 

0.12 

0.12* 

0.11 s 

0.10 s 

0,09 s 

0 08® j 

0.20 

0.11 s 

0 12* 

0 13* 

0.13* 

0 14* 

0.15* 

0.15* 

0 14* 

o n* 

0.12 s 

0.11 s 

0 09 s 

0.08® ! 

0.30 

0 13 s 

0.14* 

0 16* 

0.16* 

0.17* 

0.18* 

0 18* 

0 18* 

0 17* 

0.15 s 

0.13 s 

0.10 s 

0.09® 

0.40 

0.14 s 

0.17 s 

0.19* 

0.20* 

0.21* 

0.22* 

0.22* 

0.22* 

0 21* 

0.18 s 

0.15 s 

0.12 s 

0.09 s 

0.50 

0 15 s 

0.20 s 

0.23 s 

0.25* 

0.26* 

0 27* 

0.28* 

0.29 s 

0.27 s 

0.22 s 

0 17 s 

0.13 s 

0.10 s 

0.70 

0.18* 

0.24 s 

0.30 s 

0 32 s 

0.33* 

0.34* 

0.37 s 

0.39 s 

0 36 s 

0.28 s 

0.20 s 

0.15 s 

0.11® 

1.00 

0 20* 

0 27 s 

0.33 s 

0.36 s 

0.37* 

0 3 i* 

0.41* 

0.43 s 

0.39 s 

0,31* 

0.23 s 

0.16 s 

0.12 s 

1.50 

0 25* 

0 32* 

0 39 s 

0.43 s 

0.45* 

C 48* 

0.50* 

0 51* 

0 46* 

0.36* 

0.27 s 

0.19 s 

O.M® 

2 OO 

0 30 

0 37* 

0 45 s 

0 51 s 

0 56* 

0 SB* 

0 61* 

0 60* 

0 54* 

0 43* 

0 31* 

0 23 s 

0 17® 

3 00 

0 36 

0 43* 

0.51 s 

0 58 s 

0 63* 

0 66 

0 68 

0.67* 

0 60* 

0.48* 

0 37* 

0 28 s 

0.22® 

4.00 

0 42 

0 50* 

0 58* 

0 65* 

0 70* 

0 74 

0.75 

0 74* 

0 67* 

0.55* 

0.43* 

0.34® 

0.28® 

5 00 

0 49 

0 58* 

0.66* 

0 73* 

0.79* 

0 82 

0 83 

o.ai 

0 74* 

0 61* 

0.50* 

0.42® 

0 34® 

7.00 

; 0.67 

0.7b* 

0 83* 

0.90* 

0 97 

1.01 

1.00 

0.97 

0 89 

0 76 

0.66 

0.59 

0.52* j 

1000 

I 0 79* 

0.85* 

0.90* 

0.95* 

1.03 

1 09 

1.09 

1.03 

0 95 

0.86* 

0.77* 

0 71 

0 67 j 

16.00 

i 1.04 s 

1 03 s 

1 03* 

1.06* 

1.16 

1 26 

1.24 

1-15 

1 08* 

1.04* 

0.99* 

0 98* 

1.02 j 

20 00 

| 1.38 s 

1.25 s 

1.18* 

1.18* 

1.29 

1 45 

1 42* 

1.29* 

1 22* 

1 27* 

1.28* 

1.33* 

1 54 j 


* Extrapolated from origin aj data. Vanation in data <10%, >10%"*, >20%® t >60% c , >10O% /J 
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The absolute abundance maxima and minima have an interest ing distribution in 
latitude as well ns time. As already notmi, ihu ai. solute maxima occur jn 
t lie Summer ; they oil centred on al.miL 2<i u l «. t nude. In the Northern Hemis- 
phere, ilio # low-luti tude summer maximum is mai tied by a h lgh- i a t i t ude < centred 
on about 60°) minimum, and vice-versa in the winter. Unfortunately, the 
asymmetrical latitudinal coverage of SAMS does not permit us to say whether 
the Southern Hemisphere low-latitude maxima and minima are also accompanied 
by high-latitude extrema of the opposite sign. 


Consider now the variations with latitude and season which take place on 
constant height (log pressure) surfaces. Starting at the highest levels at 
which CH d waB observed, i.e. around 60 km (N^O is below the noise level at 
this height), a non-seasonal trend is observed whereby all latitudes in both 
hemispheres tend to have maxima around September, and minima around March. 
Lower down, the pattern described above with a low latitude Summer maximum 
and a high-latitude Summer minimum emerges, until at about 35 km all latit- 
udinal and seasonal variability becomes subdued. The reason for tills is 
clear when lower levels are examined; the pattern reverses phase to give low- 
latitude Summer minima and Winter maxima. 


CONCLUSION AND FUTURE MODEL REFINEMENTS 

Models of the zonally averaqed, time averaged mixing ratios of nitrous oxide 
and methane have been derived from three years of the data from the Stratos- 
pheric and Mesospheric Sounder on the Nimbus 7 satellite. The distributions 
of both species are similar, as would be expected since both originate in 
the troposphere and both have long photochemical lifetimes. Considerable 
latitudinal and seasona 1 1 y -varying structure is present in the observed 
distributions. This has been described in a phenomenological way but with no 
attempt to explain the mechanisms underlying the features. This aspect is 
still under study and will be reported at a later date. 

It is likely that small improvements in the data set and hence in the model 
presented here will be possible as a result of further processing of the 
SAMS radiances, in particular to reduce the temperature error which contrib- 
utes to the uncertainty in the constituent retrievals. Tne discrepancy 
between the satellite and balloon measurements suggests that errors of up to 
50% in N^O and 25% in CII 4 may remain at the lowest level sounded. We intend 
to reprocess the SAMS results with an improved treatment of the spectroscopy 
and examine longitudinal and other trends to see if any reason for this can 
be found. 

An improved version of SAMS (ISAMS) is beinq built for the Upper Atmosphere 
Research Satellite, and a major revision of the model will be possible when 
these data become available early in the next decade. 
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ABSTRACT 

Data from the Stratospheric and Mesospheric Sounder on Nimbus 7 have been 
used as the basis for a model of the abundances of nitrous oxide and methane 
in the stratosphere . A version of this was produced two years ago (Taylor, 
Dudhia and Rodgers, / 1 / - hereafter called paper 1) and in this new paper we 
consider some of the possible error sources in more detail, as well as long- 
term trends. The principal source of error in the SAMS retrievals is thought 
to be the use of climatological ozone profiles to invert the temperature 
profile data, however, we find that the effect is too small, and of the 
opposite sign, to explain the discrepancies between satellite and in-situ 
measurements, noted in paper 1. As expected, no systematic trends which 
exceed the estimated error in the data are found in either methane or 
nitrous oxide. 

INTRODUCTION 

Nitrous oxide and methane are two of the important minor constituents of the 
atmosphere. The former is the principal source of stratospheric NO* which 
plays a significant role in the photochemistry of ozone, while methane is an 
important 'greenhouse* gas and the only in-situ source (through its photo- 
oxidation) of stratospheric water vapour. Accordingly, data on the mean 
abundance of these species is an important input to models and other studies 
of the middle atmosphere, currently a region of much research interest. 

The only comprehensive data set on these two gases, covering most latitudes 
and all seasons over a period of several years, is that obtained by the 
Nimbus 7 Stratospheric and Mesospheric Sounder (SAMS- see Drummond ec al . 

12 / for a description of the instrument and Taylor /3/ for a discussion and 
overview ot the results obtained). These data were used in paper 1 to 
construct a three-year average (1979 to 1901 inclusive} from which tables of 
mean monthly abundance versus log (pressure ) and in ten degree latitude bins 
were constructed. Seventeen pressure levels from 20 mb. (about 25 km) to 
0.1 mb (about 05 km) and thirteen latitude bins (from 50° S to 70° N) were 
presented . 

The purpose of the present paper is primarily to re-evaluate the model in 
the light of work that has been done in the meantime to further validate the 
SAMS data and to investigate certain discrepancies with balloon data which 
have been uncovered. We also examine the data set for signs of trends in 
the abundances of both species and present tables of results for these. 

EFFECTS OF OZONE ON SAMS DATA 

(A) Sensitivity of temperature retrievals to ozone 

In paper 1 we showed evidence for discrepancies between SAMS data and in- 
situ measurements from balloons, particularly below the 10 mb pressure 
level. In investigating this, we decided that, if the discrepancy was due 
to a systematic error in SAMS, the most likely cause was the use of 
climatological ozone profiles in the retrievals of temperature from SAMS 
15pm carbon dioxide emission observations. A correction has to be applied 
to the transmission function in the temperature sounding channels because of 



the overlapping opacity of the 16 pm ozone band. The constituent abundances 
which are retrieved depend strongly on the temperatures, since the emission 
which is measured is of course a function of both. Jones and Pyle /V 
quote variations in retrieved mixing ratio of as much as 50% for both gases 
with a ±2K temperature variation at 20 mb, although this sensitivity 
decreases rapidly with pressure and is around 10% at higher altitudes. 

In the present work, we have made use of new data on the ozone distribution 
derived from a combination of SBUV and LIMS measurements which provides 
profiles for a particular month and latitude. November 1979 was chosen for 
these tests since balloon data for CH4 and N20 is available for that month 
(Schmidt, personal communication) . The main differences between the 
original and the new ozone profiles tor that month are 

(1) higher values in the new profiles above 0.05 mb 

(2) higher values in the peak at 10 mb., in the new low latitude profiles 
(but lower values at +60° latitude) . 

Barnett and Corney /5/ suggested a 30% decrease in total ozone would produce 
typically a + 1K increase in retrieved temperature between 150-20 mb and a 2K 
increase between 20 to 2.5 mb. To examine the effect of the temperature 
retrieval on the vertical structure of the ozone variations, a comparison 
was made between the zonal mean temperature retrievals for D ay 305, 1979, 

using the original (climatological) ozone profile, and the retrievals 
obtained after perturbing this profile at various levels. The perturbation 
applied was a 20% increase at a selected level, decreasing above and below 
by 4% per 0.2 scale heights, so that the unperturbed value resumes at ± 1 
scale height either side of the perturbation. The results are listed in 
Table 1 for perturbations applied at 8 different levels. The standard 
deviation refers to the variation in result across the twelve latitude bands 

(4S 0 S-65°N) . 


TaMc 1 

Response of Retrieved Tempefitwe (uait$: O.OlK) lo 0 } Pe/turb*tjoni of + 20% 


Level of Mu. 

Reiponic 

u level: 





1 

0.02mb 

PerLurbfclioD 

70inb 

20mb 

7 mb 

2mb 

0.6mb 

0.2mb 

0.06 mb 

70mb 

--<2 ± 9 

-11 ± 5 

+ 1 ± 2 

0 ± 3 

0+2 

0 + 2 

-9 ± 3 

-fl ± 2 

2Dmb 

+ 48 ± 17 

-86 ± 11 

— 4 ± 6 

+ 1 + 6 

+ 4 ± 4 

-7 + 11 

+ 27 ± 4 

23 ± 4 

7mb 

-33 ± 2 ft 

+ 35 ± 13 

-6 ±8 

-22 ± 4 

+ 25 ± ft 

+ 103 ± 7 

+ 21 + 7 

-17 + 2 

2 mb 

-26 ± 1ft 

+ 9 ± 10 

-13 ± 5 

-IS ± 6 

+ 14 ± 6 

+ 33 ± 12 

+ 28 ± 0 

-2 + 4 

O.Omb 

+ 10 ± ft 

-2 ± 2 

-1 ± 1 

-1 + 2 

+ 1 ± 2 

0 + 2 

0 + 1 

+ 1 ± l 

0.2rnb 

+ 15 ± 16 

-4 ± 7 

-1+4 

+3 + 4 

-3+ 3 

-0 ± 10 

0 + 2 

+4 ± 4 

0.00 ml 

*; , 3 + 16 

— ft ± 7 

-1 + 4 

+ 3 + 4 

-3 + 3 

-9 ± 10 

+ 1 + 2 

+ 4 ± 3 

0.02mb 

+1 ± 1 

0 ±0 

0±0 

0 + 0 

0+0 

0 + 0 

0 + 0 

0+0 


One particularly significant result is that the temperature retrievals below 
10 mb are just as sensitive to the shape of the ozone profile at those 
levels as they are to the total column amount, so the effect of introducing 
the more specific ozone profiles on the temperature cannot be generalized. 

(b) Sensitivity of constituent retrievals to temperature 

The sensitivity of the retrieved constituent profiles to the shape of the 
temperature profile was tested in a similar manner. The amplitude of the 
perturbation was IK and the shape the same as for ozone. For each 
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perturbation, temperature and constituent retrievals were performed for the 
whole of November, 1979. The resulting changes in the monthly profiles are 
shown in tables 2 and 3. 

As expected, the sign of the perturbation is negative down the diagonal 
elements of each table (a higher local temperature implying a lower 
concentration for a given radiance) . The conclusion here is that, in order 
to account for the approximately 50% reduction in mixing ratios implied by 
the balloon measurements at 20 mb, the actual atmospheric temperatures would 
have to be 5 to 10K higher than was measured by SAMS. This is a factor of 5 
greater than the estimated error in SAMS temperatures from all sources. 


T* bie 2 

% Response of Retrieved N 3 0 to Tempest ture Perturbation! of + JJC 


Level of Majt. 
Perturbation 

Reapome at 
70mb 

level: 

20mb 

7inb 

2rnb 

D.Omb 

0.2 mb 

70mb 

-2.8 ± 11.5 

-1.2 ± 3.1 

+ 0.4 ± 0.8 

-0.3 ± 0.6 

+ 0.2 ± 0.7 

-0.7 ± 5.8 

20mb 

+ 5.1 ± 8.5 - 

12.5 :t 5.2 

+ 1.3 ± 0.6 

-0.8 ± 1.2 

+ 1.4 ± 1.7 

+ 5.6 i 5.6 

7 inb 

+ 8.6 ± 7.3 

-3.0 ± 7.6 

-fl.2 ± 2.7 

+ 2.1 ± 1.6 

+ 1.3 ± 5.5 

+ 3.5 ± 3.0 

2 mb 

+ 2.7 ± 2.4 

-0.2 ± 1.6 

-0.5 ± 0.4 

-4.0 ± 0.8 

+ 1.0 ± 0.7 

+ 1.1 ± 1.2 

0. Ci mb 

— 2.4 ± 13.0 

-1.2 ± 3.3 

+ 0.2 ± 0.8 

-0.3 ± 0.5 

— 1.8 ± 0.9 

— 1.4 ± 6.6 

0- 7 1 Lib 

+ 0.S ± 2.6 

-0.2 ± 1.7 

-0. i ± 0.4 

+ 0.0± 0.2 

-0.2 * 0.3 

-0.1 ± 1,0 


Tabic 3 

% Retpoose oi f?elrieve<i CJi 4 to Temp eit ( ure Pest u/Lchooj of +lK 


Level of Mu. 
Pert ur bat iuo 

Reaponie at 

| 70 mb 

level: 

20 mb 

7inb 

2mb 

0.6mb 

0.2mb 

70 mb 

-0.3 ±2.0 

-0.2 ± 1.6 

+0.2 ± 0.3 

-0.1 ± 0.2 

+ 0.1 ± 0.4 

+ 0.0 ± 1.1 

2untb 

4.3 ± 6.3 

— 5.5 ± 5.3 

-0.7 ± 0.7 

+0.3 ± 0.3 

-0.1 i 0.2 

+ 2.2 ± 3.1 

7mb 

! 5.1 ± 7.5 

-5.1 ± 6.2 

-6.8 ± 2.6 

-0.4 ± 2.3 

+ 1.4 ± 2.9 

+ 1.2 ± 3.7 

2 mb 

3.2 ± 1.8 

+ 0.3 ± 1.3 

-1.1 ± 0.3 

-5.1 ± 0.3 

-0.1 ± 0.4 

+ 1.7 ± 1.1 

0 C mb 

1 3.1 ± i.e 

+ 0 6 ± 0.9 

-0.2 ± 0.2 

-1.5 ± 0.3 

-4.8 ± 0.6 

+ 1.6 ± 1.3 

0.2mb 

l.OiO.e 

+0.4 ± 0.3 

-0.1 ± 0.2 

-0.1 ± 0.1 

-0.8 ± 0.2 

-0.9 ± 0.6 


(c) Now retrievals of N2O and CH4 

The final experiment of this sec was 
of November 1979 using the SBUV/LIMS 
mean used in the original retrievals, 
for this m^nth usir.g > -he new te.^arat 
resulting differences in the monthly 


to retrieve temperatures for the whole 
ozone set rather than the global/annual 
and then to re-retrieve N 2 O and Cll/j 
profile for each day. The 
mean are given in Table 4. 


Tab/e 4 

Effect of ujing »pea'6c 0 3 profile on November J 979 RetrievaJs 


| CanititucDl 

% Change i_n 

vinr at levc 

): 



' 

20mb 

7inb 

2 mb 

0.6mb 

0.2mb 

| n 2 0 

+ 4.3 ± 11.3 

+ 8.4 ± 11.6 

-1.4 ± 3.6 

+ 3.7 ± 4.2 

+ 4.0 ± 7.6 

! Cll< , 

1 

+ 2.6 ± 3.0 

+ 7.4 it 7.8 

-1.6 ± 1. 1 

+0.2 ± 1.8 

-2.2 ± 2.3 
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The results show that use of a specific ozone profile results in a general 
increase in the constituent mixing ratios. If table 4 is compared to Table 
1 of paper 1, it can be seen that the effect is too small, and of the 
opposite sign, to that required to explain the discrepancies between SAWS 
and in-situ measurements for that month. 

SEARCH FOR TRENDS IN CH 4 AND N 2 0 ABUNDANCES 

Both nitrous oxide and methane are Increasing in the troposphere and it is 
interesting to consider whether this is reflected in the stratospheric 
abundances at various levels. The use of satellite data to look for trends 
must be approached with caution, however, since the measurements techniques 
are novel and subject to errors, while the expected trends are quite small. 
The data of Rowland / 6 / , for example, shows methane trends of +1.25% per 
annum between 1919 and 19B5 at the surface, which we might expect to see 
repeated in the stratosphere if it has been going on long enough. With 5 
years of data to examine, a total change of around 6% would be expected; 
small compared to the estimated uncertainty in the data (20% or more, sec 
paper 1) but perhaps just possible to detect since most of the errors in the 
data are systematic. In fact, the results (see tables below) are 
inconclusive . 

In each case we have looked at three year means, using the same data set as 
in paper 1, and also five year means, using the entire SAWS data set. The 
latter are obviously better in some ways in looking for trends, except that 
the data from SAWS was of poorer quality towards the beginning and end of 
its lifetime. In the former case, the instrument was still being 
characterized and was used in various exploratory modes; in the latter, 
there were problems with the instrument, leading to intermittent data 
taking, and with the atmosphere, which was atypical in behaviour due to the 
eruption of el Chichon. In tact, similar results were obtained from both 
sets. Table 1 shows the temperatures and their standard deviations. A 
warming of around 0.15 degrees maybe present near the 2ir\b level. Tables 2 
and 3 show the percentage chances in the minor constituents; again, some 
levels exhibit changes which appear marginally statistically significant but 
the evidence is unconvincing. The main conclusion to be drawn from this 
study is that a longer data set of more precise data is needed to identify 
trends . 


Table.. .5, le,ir.peie,L.ure 



trends. .and standard.. .deviations 


° K chanqgZvr 
(3 year set) 


° K channe/vr 


0.09+0.12 


0.31 + 0 . 14 


- 0.0 6 ± 0 . 13 
0 .14 + 0 . C7 
-0 .10+0.16 
0.15+0.21 


-0. 10±0.08 
0.17+0.04 
-0.25+0.11 
0 .01 + 0 .14 


Table 6 . Methane 

Pressure level 

imhl 

20 

7 

2 

0.6 


trends and standard 

% channe/vx 
33 year setl 

10.97 + 5.21 

5.53 + 4.08 

-12.12 ± 4.27 

-5.47 + 6.67 

4.38 + 5.79 


deviations 

% change/ vr 
t<\ year sett 

5.50 + 5.53 

6.04 + 2.08 

-5.55 ± 5.99 

0.51 ± 10.24 

4.81 + 5.08 


0.2 
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Table 7. — Nitro u s oxide r. rends and .standard devlat .ions 


Pressure level 

(mb) 


3lj change /yr 
12 year set) 


1 change /yr 

.(5 year set) 


20 

-21.52 

±15.15 

-7.34 

+ 

0.63 

7 

7.37 

± 

8.94 

5.19 

_+ 

4 . 94 

2 

-14.31 

+ 

11.6 

0.38 

+ 

10.61 

0.6 

-6.38 

+ 

24 . 64 

-2.25 

_+ 

14.27 

0.2 

11.89 

+_ 

25.27 

-17.04 

_+ 

12.21 


CONCLUSIONS 

The results of this work are summarized as follows: 

1. The model presented in paper 1 with monthly values for the vertical and 
latitudinal distribution of methane arid nitrous oxide is the best which can 
be produced with present data. 

2. There do seem to be real discrepancies between satellite and balloon data 
at lower levels in the middle atmosphere, but we have been unable to explain 
these by limitations in the data reduction methods used tor SAMS. 

3. There are no systematic trends in the middle atmosphere abundances of 
the two species studied which can be detected reliably with the data 
available; this is consistent with expectations based on other data. 

A. Further progress awaits new instruments like those forming the 
scientific payload of the Upper Atmosphere Research Satellite /!/. This 
will include an improved version of SAMS, called ISAM S, which will measure 
methane and nitrous oxide with much greater sensitivity and precision 
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ABSTRACT 

A nearly global aet of data on the nitric acid diatribution waa obtained for aeven montha by the Limb Infrared 
Monitor of the Stratosphere (LIMS) experiment on the Nimbus 7 spacecraft. The evaluation of the accuracy, 
precision and resolution of theae data ie described, and a deecription of the major featurca of the nitric acid 
distributions ia presented. The xonal mean for nitric acid is distributed in a stratospheric layer that peaki near 30 
mb, with the largest mixing ratios occurring in polar regions, especially in winter. 

INTRODUCTION 


Nitric acid was first identified in the stratosphere by Murcray tt al. j 1/, who measured its infrared absorption 
spectrum from a balloon. It has subsequently been measured many times from balloons /2/ , aircraft /3 / and more 
recently the shuttle ji/ . In addition, it has been observed by direct collection on filtors from balloons end aircraft 
/6/. Nitric acid is formed by the three body reaction 

NOj 4 OH + M -> UNO* 4- M 

although other processes may be involved during high latitude winter conditions. It is destroyed by the reactions 

UNO! 4 \\u - Oil + N0 3 


and 


UNO j 4 OH — NO, 4 HiO. 


The time scaleo are several days /0/, indicating that the distribution will be strongly influenced by atmor. .a: 
motions, 


The only near-global observations were obtained by the Limb Infrared Monitor of the Stratosphere (LIMS), whic. 
flew on the Nimbus 7 spacecraft. Because these are in good agreement with the other data, they are the bt .t 
for the nitric acid model propoeed here. The LIMS waa a 6 channel infrared radiometer that scanned the earth’s 
limb, measuring emitted radiances that could be inverted to yield profiles of nitric acid and other quantities. The 
experiment and the data reduction have been described by Gille and Russell /7/; other discussions are contained in 
Russell and Gille /8/ and Gille cl al. /9/. The features of 1R limb scanning relevant to the measurement of UNO, 
include the long viewing paths, giving maximum sensitivity to email amounts of the gas, high vertical resolution if 
narrow Held of view detectors are used, and the ability to obtain measurements on both the day and night sides of 
the orbit. However, to obtain high signal to noise ratios with the narrow detectors required that they be cooled. 
The use of a solid cryogen limited the LIMS lifetime to about 7 months. 

Over this period, from 25 October 1978 to 28 May 1979, the instrument operated extremely well. On the average, 
over 1000 profiles were derived each day, from M'S to 84’N. These profiles were then objectively analyred using 
the Kalman filter approach suggested by Rodgers / 10/ and described in more detail by Kohri / 1 1/- This leads to 
daily estimates of the xonal mean mixing raLio and the coefficients describing 6 waves in longitude. Only a model 
for the xonal mean distribution is presented here. 
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ACCURACY AND PRECISION OF THE NITRIC ACID DATA 

The characteristic* of th« LIMS UNO* data were dUcuaaed by Gille et ai / 12/. The vertical range of the data it 
aet by the region of adequate eigne! to noise ratio, and, at the bottom, by the frequent occurrence of clouds. For 
the HNO* signal, the upper limit occurred at about the 2 mb pressure level, or around 45 km altitude. Clouds 
usually impose a lower limit at or above the 100 mb pressure level in the tropics. Retrievals to lower altitude are 
possible at higher latitudes, but with rather email signal to noise ratios. In this discussion the lower boundary is 
taken to be 100 mb. 

The precision of the profiles, or ecan-to-ecan repeatability, is about 0,05-0.1 ppbv in undisturbed rtf tone where 
atmospheric variability does not contribute to the variations. This intrinsic precision Is of the order of 2% up 
to 7 mb, rising to only S% at -4 mb. When natural atmospheric variability is included, which may incorporate 
real variations on scales smaller than the approximately 100 km inter-scan spacing, a repeatability at almoet all 
latitudes and altitudes of 0.1 ppbv is found. 

The accuracy is much more difficult to establish. Gills el ai / 12/ estimated the errors presented in Table 1. 
Tbeee estimates, at least away from the top levels, are thought to be rather conservative. Again, these were checked 
through comparison with 15 balloon-borne measurements from 100 to 10 mb. These differences are also collected in 
Table 1. They are approximately the errors associated with the balloon-borne measurements. However, the LIMS 
results become increasingly larger than the correlative measurements with altitude, leading the authors to suggest 
that they were in error. In addition, chemical consistency suggests that the original values are too large /1 3/. 
Subsequently Bailey and Gille / 14/ have shown that an instrumental correction should be applied that slightly 
reduce# the radiances at all altitudes. This has the effect of significantly reducing the IINO^ mixing ratios above 10 
mb, where the signals arc small. The results presented here have now been corrected for this effect. These results 
therefore differ at tho upper levels from those presented in Gille ct ai /IB/. 


TABLE 1 LIMS Nitric Acid Errors"*" 


Preaauro Level 

(mb) 


No. of 

Comparisons 


Estimated Systematic 
Errors (%) 


Differences from 
Correlative 
Measurements (%) 


so 


42 


70 

4 


-19 ± 24 

60 

14 

41 

4 ± 8 

30 

14 

33 

9 ± 7 

10 

12 

29 

27 ± 11 

7 

11 


63 ± 11 

5 

0 


90 ± 4 

3 


65 



+ From Gille tt ai. / 1 2/. 


NITRIC ACID DISTRIBUTION 
Vertical Distribution 

Vertical profiles of 11N0» at 60°S, 32°S, the equator, 32 # N and 60*N are shown in Figure 1. At the equator, there 
is little vertical variation. A slight maximum of between 2 and 3 ppbv ie located near 20 mb, but the seasonal 
variation is quite small. At 32°S the maximum of about 7 ppbv is ahifted down to 30 mb. There ie a minimum in 
mid-eummer with a maximum observed value in May, suggesting an annual variation with largeet values in winter. 
Temporal variations are shown in more detail below. A similar variation (shifted by 6 months) is shown at 32* N. 

The variation is similar but much larger at SO^S. The peak values, again at 30 mb, are over 10 ppbv. At 60*N the 
largest values are in winter, with maxima of nearly 10 ppbv, again at 30 mb. 

in summary, the tropics are characterized by low mixing ratios, and have a small seasonal variation. At higher 
latitudes the mixing ratios axe larger, and have an annual variation characterised'by a fall-winter maximum. There 
is very little variation in the preasure of the peak values, which increases from 20 mb in the tropics to 30 mb at 
high latitudes. 
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Figure 1. Vertical profiles of monthly average zonal mean HNO 3 mixing ratios at five 
latitudes for October ( ), January ( ), April ( ), and May (- •• -). 


Monthly Average Zonal Mean Cross- Section 8 

At every location there are ahort-term variation*, aaaociated with dynamical effect*, a* well a* aeaaonal change*, 
Even arter talcing the xonal mean, there are short period temporal variation*. However, over a month th* standard 
deviation of theae variation* are usually small. Figure 2 , for January (1970) »how. that the .tandard deviation of 
the daily value* i* leaa than 6% except at upper level* in the winter hemisphere, where it can be over 30%. (The 
increased value* at the tropical tropopause are due in part to incomplete removal of cloud contaminated profile*, 
and in part to the difficulty or accurately following the sharp radiance decrease above cloud*, in conjunction with the 
low mixing rati6« there.) In contrast, ill April (Figure J) the standard devi&irion i* le»# than 5% almoet everywhere, 
and never greater than 15%. The standard deviation of the monthly averaged xonal mean* (theae value* divided by 
>/N, where N i* the number of day* with data in the month) are therefore lee* than 1%, except for the high upper 
polir winter stratosphere, where they are still only 6%, *o the random uncertainties ae*ociated with the following 
mean cro*e-*ection* are rather small. These standard deviation* are tabulated in Table 2. 

The monthly average xonal mean nitric acid distribution* for October through May are presented in Figures 4-11, 
and in tabular form in Table 3. The general features of the nitric acid distribution are illustrated by the October 
data (Figure 4). There is a broad saddle in the tropics, centered near 20 mb, and characterized by values of 2-3 ppbv, 
Mixing ratios decrease slowly above and below this level, indicating profiles characterized by low and relatively 
constant values. Maximum values increase toward both poles, with the altitude of the maximum decreasing to the 
30 mb level at high latitudes. In the Northern Hemisphere (Nil), the maximum of 3 ppbv at 20 mb for 10° N 
progresses to a maximum of 12 ppbv at 30 mb for 84 - N. The latitudinal variation* are similar in the Southern 
Hemisphere (SI1) as far as they can be Been. Note also that the isoline* are relatively flat on the upper *ide of the 
layer, but have fairly steep slope* on the lower side. Finally, there is an indication of slightly higher values at high 
northern latitude* and high altitudes. 

There i* a regular progression in the monthly mean values. In November (Figure 5), the northern polar maximum 
has increased to it* maximum value, while the maximum at 64*S has decreased. Dy December (Figure 6), the 
northern maximum has dropped back to less than 11 ppbv, while the southern maximum has fallen further. 
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January’* distribution (Figure 7) is much like December’., but with some increase in the winter polar upper 
•tratoephere This Utter feature is largely gone in February (Figure 8), and the NH high latitude maximum hex 
decreased below 10 ppbv, while that in the SH has increased. Those seasonal changes continue in March (Figure 
0) and April (Figure 10), until by May (Figure 11) the NH maximum is only .lightly above 7 ppbv, while the SH 
max at 64°S is over 11 ppbv. In addition, there has been an increaao in the SH (winter) polar upper .tratoephere. 

A comparison of November and May, the two nearly complete month, that are 6 month, apart, indicate* httle 
change in the tropic*. However, they ahow a 7 ppbv contour in tho SH in Novomber that l. not pre.ent at 64 N in 
May Similarly, in May the mixing ratios near GO'S are larger than those near 00*N in November. It i. clear that 
the SIl maxima and minima have larger mixing ratios than tho.o in the Nil, indicating an asymmetry between the 
hemispheres in nitrogen compounds. This has also been eeen in NO a , and estimates of the total odd nitrogen. 



Figure 7. As Figure 4, but for January. 
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Figure 1 1. As Figure 4, but for May (first 28 days). 


Temporal Variations 

Th. temporal variation of the zonal mean ie conveniently di.pl.yed by time-height croe. .action.. At the equator 
(Figure 12) there i. a ...n, -annual oecillalion, where tl.. UNO. maxima occur at the beginning of 
probably) July at 10 and 10 mb. Th. minimum at each level i. doe. to th. m.d-poml between the maxuna^Th- 
ia coneietent with eemi-annuel vertical motione, having maximum etrengtb in Marc i, wit i minimum mo i 
December and June aa found by Gille el of. /l^/. 

r rr. d Nu. ^ - «« — occur. « — 

At 60* N and S (Figure. U and M) there i. an annual variation, which 

with th. Nil maximum and SU minimum occurring in late December a 30 mb. lb. pa tl. e.m 
r but th. May value, in 111. SU are larger than th. Nil maxima in December, a. noted earlier. 

.xT.cUd wh«n tl, downward motion, which lead to .trato.ph.ric warming, through adiabatic compr« M ,on bring 
down air that ia poorer in HNO s . 
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l*bt« 3. Monthly ima|« tonal rnaau mixing ratio* (part* par billion by volunta) 
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Figure 14. Time-height cross section of HNO 3 at 60°S. Contour interval is 1 ppbv. 


CONCLUSIONS 

The values of UNO* mixing ratio above 10 mb presented here have been corrected for an instrumental effect. The 
vertical mixing ratio profile* ehow a layered distribution, with the peak near 20 mb and low value* in the tropic*, 
where there is a email *emi-annual variation. Poleward of 30° latitude the peak i« at 30 mb and there ii an annual 
variation, with maxima during late fall or winter and minima during eummer. Croa*-»ectiona of monthly averaged 
tonal mean* emphasize the strong poleward gradient*, and indicate a hemiepheric asymmetry. In addition, there 
axe slightly higher value* at the upper level* near the winter pole. 
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ABSTRACT 

Thp vertical distribution of carbon dioxidp, halocarhons and their sink products, HC1 and 
w? havebecome available, mainly by A*ar,s ot balloon ^wnti. Host ™«uremen wo e 
made at northern mid-latitudes, but some constituents were measured at tropical atitudes 
^nd ,n the soutnurn hemisphere as well. This report «t ? ls to ‘ h c F ! , 

for presentation of reference models for C0 2 , CC1.,, CCI 3 F, CCl/ 2 , C 3 , ^ 

CC 1 F j-CCIF j, CCIF 2 -CF 3 . CF 3 -CF 3 , CHjCl, CHCIFj. CH 3 -CCI 3 , CBrClFj, CBrF 3 , HC1 and HF . 

INTRODUCTION 

rn-, is a natural constituent of the atmosphere thought to he well mixed up to the 

w^Siyr^isr^irs: ss; ss 1 r ( ai,:«..c. r; 

discussed here originate almost entirely from anthropogenic sources: While CFC-10 £LU>. 

CFC-113 (CC 1 2 F-CCIF 2 ), and CFC-MO (CH 3 -CCI 3 ) are *" ^ CCIF,) CFC-115 

And CFC-13 (CClFii are chiefly applied as refriqerants . ClC-114 (CC 1 F 2 ~CC 1 F 2 ) , UL 1 
?rnr cv \ fFT 3 1 1 (CC1*F) and CEC-12 ( CC 1 2 ^ 2 ) are used as propellants and ref r igerants , 
ih^tS^JueS for foam Mowing as Ull? tfc-H (CFj and CFC-116 (CF^CF, are 

released from alumlniun plants, but CF u is likely to have natural sources as 
bromine con tai ning species CFCM2BI (CBrC1F 2 ) and CFC-13BI CBrF,) are released from fire 
extinguishers, host halocarbons have long overall atmospheric life table 

abundances of those emitted from anthropogenic sources are growing with time (see 
1). The same holds for the sink products HC1 and HF. 

EXPERIMENTAL 

StratosDherlc C0 2 and halocarbon data presented here were obtained by analyses of 
crvoqenlcal 1 y collected air samples. C0 2 was analysed by Infrared absorption /V while 

halocarbon analyses were made by gas chromatography (GC) ^P'°y’"9 1 e i eC /™/)* P Th!s 
Hotortnrc fECDl as well as mass spectrometers (MS) for detection (c.y. U e 

balloon-borne cryogenic whole-air samplers flown by the Mi *' P '*^ k /I/ S ^ U / 8 / Ur eronom ' 
(MPAEl and the Kernforschungs anl aqe JElich (KFA) are described in /7 / and / 8 /, 
r«o«t 1 «ly The stratospheric dka are limited to balloon altitudes i.e. up to about 35 
km? P Troposphericdata*ava1 lable from analyses of air samples collected aboard aircraft are 
also presented. 

Vertical profiles of HC1 and HF were obtained by various IR spectroscopic tecl '"'^ u “’ , 
mainly through the efforts of the international Balloon ( 1 

conducted during 1982 and 1983. Since these are discussed in detail in the NASA 
Stratospheric Ozone Assessment Report 11985 /9 /, they are not presented here. 

RESULTS 


TFvoQenical ly collected air samples from 3 balloon flights carried out at 44°N during 
November 1979 September 1982 and September 1984 were analysed for C0 2 using IR 
absorpt i on .Employ 1 nq this technique?, flask samples con ^ .analysedwt atotl error of 
tO 2 ppmV corresponding to 10.06X. The results are plotted in flg.l supplemented Jby 
aircraft data obtained close to the balloon site during the same time periods /10/. A 
striking feature of the C0 2 profiles is the overall similarity of the s ^ rst ° 5p ^'‘^ , , Q 

nortions above 20 km. Obviously, the general increase of the tropospheric abundance of C0 2 , 
resulting*f?om The buying of fossil fuel, is rejected by a str.tospher c Increase a a 
corresponding rate. Hid-stratospherlc mixing ratios, as averaged over the height range 
above 22 km, are 325.410.5, 329.610.2, and 331.610.3 ppmV for 1979 1982 and »»»«. 

respectively. Average annual Increase rates thus amount to 1.2 ppmV/y e we n 
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Table 1 

Average vertical distribution of halocarbons at northern midlatitudes, units: pptV ( 1 0* 1 2 
by volume) . These profiles correspond to the times given at the bottom of each column. 
Overall atmospheric lifetimes, N/S ratios and trends are also given. Trend values marked by 
an asterisk were derived from time-dependent model computations, they are as yet not 
confirmed by measurements. 


layer 

surface & lower 


ecu 

( CFC-10) 


CC1 jf CC1 2 P 2 CC1F 3 
(CFC-1 1 } (CFC-12) (CFC-13) 


CF,, CC1F-CC1F 2 CC IF 2 -CCl F 2 
(CFC-14 ) (CFC-1 13 ) (CFC-114 } 


troposphere 

130 

190 


350 

4 


70 


23 


11 

10-11 

km 

96.5 


177.7] 


329. T 





— rrrr 


10.36 


11-12 

km 

06.5 


171.7 


321.8 





20.71 


10.02 


12-13 

km 

80.1 

^±10X 

171.3 


314.7 





20.68 


9.09 


13-14 

km 

73.2 


167.2 


310.7 

>±5X 




21.68 

±2 OX 

9.57 


14-15 

km 

69.3 


163.7 


307.4 

3.9 


65.2 


21.95 


9.31 


15-16 

km 

66.0 


156.9 

>i6X 

298.5 





22.83 


9.03, 

>18* 

16-17 

km 

60.8 

il?X 

147.2: 


284.4 





22. 3? 


0.59 


17-18 

km 

52.4 

±2 IX 

133.5 


267.4 





20.99 


8.17 


18-19 

km 

44.2 

i28X 

118.3 


246.9 

3.5 


66.6 


17.81 


7.62 


19-20 

km 

34.1 

±36X 

98.0 


218.2' 

yt?x 




15.51 


6.91 


20-21 

Vm 

77 7T 

“±46fc 

7570! 


T39771 





17775" 


5717 


21-22 

km 

13.6 

±59X 

53.9 

±36X 

160. 3j 

1 




10.01 


5.53 


22-23 

km 

8.9 

♦73X 

35.7 

±4 OX 

137.4 

±12X 3.0110X 

66.5 


8.43 

>♦32* 

5.17 


23-24 

kjii 

4.9 

±90X 

20.3 

t4/X 

113.3 

±22% 



V 

!10X 7,40 

f 

4.79, 


24*25 

km 

2.3 

1 

11.1 

!50X 

93.6 

±2 5X 


1 

6.54 


4.28' 


25-26 

km 

1.2 

>100X 

5.8 

i64% 

81 . 5 • 

>i28X 




5.49 


4.39 


26-27 

km 

0.3 

I 

\ 

3.5 

±79% 

69. 2} 

2.7 


58.8 

1 

1 

4.79 


4.16 


27-28 

km 

0.1 

j 

1.4 

±90X 

55.9 

il0X 




3.94 

i 

3.79 


28-29 

km 



0.61 


46.1 

ibOX 2.5 




3.15 

| 

3.65 Lil8X 

29-30 

km 



-0-5 

'ilOOX 40.51 





2.46 


3.72 


30-31 

km 



cm 


29.9 




r 

rwi 

J7TT 


31-32 

km 



0.2 1 

l ±50X 

24. 3 1 . 

> ±30X 2.] 

I 

61.8! 

1.39 S±65X 

3.16 


32-33 

km 



o.?J 


16.91 





1.03 

1 

3.04 


33-34 

xm 





15.61 





0. 54 j 

2.85: 



34- >5 km 
lor respond! ng 
to time 
nveral 1 life 
t ime 

N/S ratio 
trend 


Srpl/Oc t : 

1982-03 

60-100y 

1.07 
?Xf y 


_ 5ept . / Or t . Sep L. /Oct. 
1 980-83 1980-83 

55-93 y 1 U5-1 G9y 


1 . 1 ? 

6X/y 


1 .07 
5X/y 


T?pr — 
19R0 

1 R0-450y 

-1 

5X/y* 


T^TT — Sept; /Oct. 
1980 19R?-84 

lOOOOy 63-l?2y 


-1 

2X/y* 


1 . 12 
IGX/y* 


Sept . /Oct . 

19R2-84 

12G-310y 

1.05 

6X/y 


which is quite comparable with those observed at tropospheric levels. Annual means of 
tropospheric C0 2 , for the years discussed here, were found to be in excess of 6.8±0.9 ppmV 
over the stratospheric mixing ratios correspond i ng to a time lag of 5.2i0.8 years, lhe 
transition occurs between 10 and 22 km altitude, while there is almost no height dependence 
of the C0 2 VMR above that height. 

The tropospheric C0 2 profiles shown in fig. 1 are represent at i ve of late sunmer/fall 
conditions, when the cumulative uptake of C0 2 by plants reaenps its maximum. Thus at ground 
level, an annual minimum is obtained in August/September. In late winter/spring, when C0 2 
is returned to the atmosphere, a maximum occurs in April/May. This seasonal variation, 
having a total amplitude of about 7 ppmV in the northern troposphere, is almost 
undetectable within the lower stratosphere. 

The existence of a shaped C0 2 profile as shown in fig. 1 may be relevant for satellite 
sounders that use the assumption of well-mixed C0 2 in the stratosphere to retrieve 
temperatures from infrared spectral features. 

Haloqenated hydrocarbon s (ha In carh ons ) 

V> rtl c a I profi Its of hjlucarbons are plotted in figures 2- 12. Every data point corresponds 
to an air sample with sampling altitude ranges typically varying between 1-2 km at 35 km 
and about 0.2-0. 4 km at 10 km. The plotted altitudes correspond to the centers of the 
sampling ranges. A careful error analysis has to take iVto account the following 
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Table 1 contd. 


1 ayer 

surface l lower 
troposphere 

TTPrrfer 

11 - 12 km 

12- 13 km 

13- 14 

14- 15 

15- 16 km 

16- 17 km 

17- 18 km 

18- 19 km 

19- 20 km 


km 

km 


CC1F 2 ~CF 3 

CF 3 -CF 3 

CH 3 C1 

CHC1F 2 

CH 3 -CCI J 

CBrC 1 F 2 

CBrF 3 

(crc-iib)" 

(CFC-116) 

(crr-40) 

( CFC-22 1 

(CFC-140) 

(CFC-12BI) (CFC-13BI ) 

4.1 

4 

617 

73 

1 76 

1.3 

1.0 


3.1 


2.3 


^±10% 


3.7 



61. ft 
56.5 
42,6fc m 49. 8 


bo.Cj 1.23 
7G.0;-il0X 1.26 
69. l] 1.15 
67. I ! 1.08) 

60. 7: 0.99- 

66.7/120* O.R4i 

( 0.68 


> 20 * 


7TTT 


0.6R 


7 
19.51 
n.4| 


30% U7751 
0.15 
0.06 
6.3? 1 50 1 0.0? 
3 9 b; 

c . 16 


0.56| 

0.40 ±2 6% 


"OT 

0.17 


♦ 10 % 


w- 7nr 

21 - 2 ? km 

22- 23 km 

23- ?4 km 

24- 25 km 

25- 26 km 


1.7 


3.471 


1 1G.4| 
lU0.9j 
iO.SiCO* 27.61 


♦50% 


* ±10% 7b. t 


27.0; 


?fi -27 km 

27- 28 km 

28- 29 km 

29- 30 km 

1.36 
1 .26 

1 

i 

3 . 1 ?' 

! 

?.9?; 

65.1 
42. l| 

30.5] 

29.6] 

26.1 

25.3 

24.0 

24.6 


1 . 24 1 

0.1 *100% 

0.06 | 

KTlTTm 

31- 3? km 

32- 33 km 

33- 34 km 

34- 35 km 

1.0 

1 

j 

1 

2.51j 

20.9 

19.8] 

73.5 

21.7] 

19-7] 
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5*pl. 


Sept . / Oct .Sf-pt . /Ort 


to time 

19C0 


19H0 

1980-83 

1982/83 

1982/83 19B2-84 

1980 

overa 1 1 life 

230-550y 

10 000 y 

2-3 y 

1? 

-?0y 

5.7-10y ?9-42y 

62-1 1 7 y 

t ime 

N/S ratio 

*1 


- 1 

1 

1 

.18 

1.36 1.43 

7 

trend 

9X/y* 


6*/y* 

- 

l?*/y 

8%/y 2 0%/y 

5%/y* 


contributions: The samplina altitude range and its errors due to the fact that measured 
pressures were converted into altitudes using the temperature distribution of a standard 
atmosphere, the statistical errors related to sampling, possible contamination and analysis 
leading to an overall precision of ± ( 5 - 10 )%, and the errors of the absolute calibration 
which are ±10% or less. The lowest detection limits are about 0.02 pptV for CFC-128I, 0.1 
pptV for CFC-10, CFC-11 , CFC-113, CFC-140, and CPC-13BI, and 1 pptV for CFC-12, CFC-13, 
CFC-14 , CFC-114, CFC-115 , CFC-116, CFC-40, and CFC-22. 


The data points r.f the figures show a scatter, however, which is often considerably larger 
than the quoted precision of 5-10*. This certainly reflects some natural variability, but 
no seasonal effects as all data represent September/October conditions. The scatter is 
particularly large in those portions of the profiles which show a larqe vertical gradient 
of the mixing ratio suggesting that sampling height errors may be involved. CM 3 C I (fig. 9) 
is exceptional in revealing extremely large scatter between 20 and 30 km altitude. It is 
not clear whether real natural variability or sample contamination may account for this 
effect. 

Thus, for calculating reference models for the different species, the individual errors 
were not analysed for every data point. Instead, the points were averaged within 1-km 
layers, and the standard deviations from the respective mean values were calculated. It 
appears that this mean standard deviation is a reasonable estimate of all statistical 
errors within each layer. The average profiles thus obtained and the standard deviations 
are plotted in the figures. They are also compiled in table 1. 

For CFC-13, CFC-14, CFC-115, CFC-116, and CFC-13BI, only one measured profile was available 
at all (see fig. 5, 6 , 12, data points compiled in table 1). Thus no averaging was 
possible. More data points will become available soon. At MPAE, air samples collected 
during balloon flights made 1983, 1984 and 1985 have^already been analysed for those 
constituents. The absolute calibration, however, has not been finished yet. It can be 
concluded, however, that these new data confirm the vertical slopes of the species, shown 
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Figure 1. Vertical distribution of C0 2 between the ground and 35-km altitude as analysed 
by infrared absorption of whole air samples collected aboard balloon and aircraft platforms, 
for 1979, 1982, and 1984. The height range of the balloon samples is shown by the 
symbols. The modelled profile (solid line) computed by means of a one-dimensional time- 
dependent model corresponds to 1980 conditions /10/. 
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Figure 2. Vertical distribution of CCI 4 (CFC-10) at northern midlatitudes. Every data 
point represents one whole-air sample collected during the year listed in the figure. Each 
symbol represents data from a different flight or group of investigators, respectively. The 
average profile and its error bars were obtained by averaging all data points within 1 km 
layers. The points of this profile are compiled in Table 1. Sources: a,b /4/; c-f / 6 /; g / 1 1 /. 
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VOLUME MIXING RATIO tpprVI 

Figure 3. Same as Figure 2 but for CCI3F (CFC-11). Sources: a /3/; b /12/; c,e /1 3 /; d 
/6,8 /;f/ll/. 
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Figure 4. Same as Figure 2 but for CCI2F2 (CFC-12). Sources: a /3/; b /12/; c,e /1 3/; d 
/6,8/;f/ll/. 
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Figure 5. Vertical distribution of CCIF 3 (CFC-13) and CCIF 2 -CF 3 ) (CFC-1 15) at northern 
midlatitudes. Sources: a/14/; b /15/; c fbi 



Figure 6 . Vertical distribution of CF 4 (CFC-14) and CF 3 -CF 3 (CFC-1 16) at northern 
midlatitudes. Sources: a/16/; b /15/; c /14/; d /17/; e /3 /. 






VOLUME MIXING RATIO IppIVI 

Figure 7. Same as Figure 2 but for CCI 2 F-CCIF 2 (CFC-1 13). Source: /18/. 
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Figure 8. Same as Figure 2 but for CCIF 2 -CCLF 2 (CFC-1 14). Source: /1 9 A 
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Figure 9. Same as Figure 2 but for CH3CI (CFC-40). Sources: a/3/; b /12/; c-f /6/; g / 1 1/. 
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Figure 10. Same as Figure 2 but for CHCLF2 (CFC-22). Sources: a-c /20/; d /1 1/. 




107 



Figure 11. Same as Figure 2 but for CH3-CCI3 (CFC-140). Sources: a,b /4/; c-f /6/; g 
/HA 
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Figure 12. Same as Figure 2 but for CBrClF 2 (CFC-12Br). Vertical distribution of CBrF 3 
(CFC-13BI) is also given. Sources: a-d /21/; e /1 1/; f /3/. 
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in figures 5,6, and 12. 

The proposed reference models of halocarbons are compiled in table 1. Due to the errors 
relaied to the absolute cal ihr.Uion, f.rry profile is *icur*le to within ilOX for the time 
period given at the bottom of the respective column. The same accuracy may be assumed for 
the surface and lower tropospheric mixing ratios shown in the first line of table 1. These 
were obtained by averaging all published field data. 

Since all stratospheric measurements presented here were made during September/October , the 
tabulated values correspond to this time of year. On the basis of measurements made at KFA, 
Schmidt et al. /8/ have argued that seasonal variations do occur. These are small, however, 
and thus most likely Included in the quoted standard deviations. 

The qiven halocarbon profiles reflect northern mldlatltude conditions. Corresponding 
southern midlatitude data may be obtained by applying the N/S ratios also given in table 1, 
which were derived from all available tropospheric halocarbons measurements. Tropical 
profiles of CFC-11 and CFC-12 are known to fall with height less rapidly than midlatitude 
profiles 1221 as upward motion partly counteracts decomposition in this reg * n. A similar 
effect can be expected for other halocarbons, but except for a few first exploratory data 
/23/ no conclusive measurements are documented yet. 

Pur to continuing anthropogenic emission, atmospheric halocarbon abundances increase with 
time. Present annual increase rates were evaluated and also listed in table 1. These trend 
values base, wherever available on measured data. The trend values marked by an asterisk 
were derived from time-dependent model computations at MPAE based on available global 
emission scenarios. 
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INTRODUCTION 

The objective of this paper is to present a proposed reference model for the background 
stratospheric aerosol based on currently available data froc satellite observations. Infor- 
mation on the characteristics of stratospheric aerosols is important to climate and renote 
sensing studies through radiative transfer processes. Measurements of stratospheric aero- 
sols actually date back nearly 30 years. Using balloon-corn* particle counters, Junge ct 
al. ,M / discovered a layer of hiqh particle concentration several kilometers thick in the 
lover stratosphere which has become known as the Junge layer. Primarily, measurements of 
stratospheric aerosols have been made by two different approaches, either using in situ 
mechanical /optical particle counters or by remote optical sensing techniques. In orde to 
obtain more information on the stratospheric aerosol layer, NASA has launched three satel- 
lite instruments since October 1978: the Stratospheric Aerosol Measurement (SAM II) on 

Nimbus 7, and the Stratospheric Aerosol and Gas Experiments I and II (SAGE 1 and II) on t: e 
Applications Explorer Mission 2 satellite and the Earth Radiation Budget Satellite, respec- 
tively. These satellite instruments all utilize the solar occultation technique to measure 
vertical profiles of limb attenuated solar intensity at desired wavelengths during each sun- 
rise and sunset experienced by the satellite. The SAM II instrument is a one-channel sur,- 
photometer measuring aerosol extinction at 1.0 urn in the polar regions. The SAGE I instru- 
ment is a four-channel sunphotome ter which measures aerosol extinction at 1.0 jm and 0.4$ un 
with nearly global coverage. In addition, it also provides simultaneous observations of 
stratospheric 0 3 and N0 2 at 0.60- and 0.4S-um wavelengths, respectively. The detailed 
aspects of the SAM II and SAGE I systems have been described by McCormick et al. /4/. The 
SAGE II satellite instrument was launched in 1984 and is an advanced version of SAGE I. It 
has three additional channels centered at 0.448-, 0.525-, and 0.94-un wavelengths which pro- 
vide a differential N0 2 measurement, additional aerosol extinction data, and an H 2 0 vaper 
concentration channel. Thus, the SAGE II satellite instrument measures aerosol extinction 
at four different wavelengths, and the simultaneously determined stratospheric H 2 0 is cf 
particular importance in understanding the aerosol micropnvsical processes as well as their 
co-.position. The data processing of SAGE II observations is currently in progress, and the 
data set will be available to the scientific community beginning in 1987. 

Unlike the stratospheric gaseous species, which can be fully characterized by determining 
their concentration (number density or nixing ratio), a complete description of aerosol par- 
ticles requires information about their conposi tion/ref rac ti ve index, sire distribution, and 
shape. A complete set of such information is very much needed, especially in order to 
understand the radiative implications of aerosols. Fortunately, there is sufficient evi- 
dence that the stratospheric aerosol can be described reasonably well by assuming they ere 
spherical liquid droplets of approximately 7$ percent H 2 SOl, and 2$ percent H 2 0 in composi- 
tion by weight (Rosen, /!/); see also the Standard Radiation Atmosphere (SRA), /1C/. 
addition, analytic models have been recommended for the background stratospheric aeroscl 
sire distribution and composition by Russell et al. /B/ which have proved quite successful 
in the validation of SAM II and SAGE I (Russell et al., /9/J. The current understanding of 
sources and sinks, and their distributions have been reviewed by Turco et al. /II/ who also 
pointed out which experimental and theoretical analysis are needed in order to enhance our 
knowledge about stratospheric aerosols. 

Since aerosol extinction at 1.0-ym wavelength inferred from SAGE I satellite observations 
constitute the only available multi-year aerosol data set with nearly global-scale coverage, 
it is reasonable to use this data set to derive a reference model of stratospheric aero- 
sols. It should be kept in mind that strictly speaking, this proposed reference model is an 
cotical one. Nevertheless, it summarizes the general clobal-scale features of the strato- 
spheric aerosol layer and can be used, for example, to derive parameters which are important 
to climate studies (McCormick, /5/; Lenoble and Brogniec, /3/; SRA, /10/). 
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During its operation lifetime from February 1979 to November 1981, the SAGE I 
instrument produced 34 months of aerosol extinction data with nearly global coverage. 
Except for the very minor volcanic eruption of La Soufriere (13.3°N, 61.2*W; 17 April 
1979), the stratospheric aerosol layer was practically unperturbed during the SAGE 
measuring period from February 1979 to May 1980 (Kent and McCormick, /2/) . After that 
time, a number of large volcanic perturbations occurred. As a result, the SAGE 
aerosol 1.0-mm extinction data set obtained during this period will be adopted in this 
paper to establish a simple reference model for the background stratospheric aerosol. 
The meridional distribution of the zonal mean stratospheric aerosol extinction at 1.0- 
mm wavelength on a seasonal basis has been documented in tabulations and in graphic 
representations by McCormick /6/. This distribution is reproduced in Figure 1. 
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In order to obtain the vertical distribution of stratospheric aerosols in s climatological 
manner, the averaged profiles are computed for five different latitudinal bins: 75*S-40*S, 

40*S-20*S, 20*S-20*N, 20*N-40*N, and 40*N-75*N on a seasonal basis. These latitude bins 

roughly correspond to the tropics and the mid- and hiqh latitudes in both hemispheres. The 
results are tabulated in Tables 1-4 and Figures 2-5 using the northern seasonal period nomen- 
clature, starting with spring, and are In all cases referenced to the tropopause height. The 
remarkable feature in Figures 2-5 Is the similar vertical distribution of the averaged 
profiles from the five different latitudinal bint when referenced to the tropopause and the 
similarity in the four different seasonal plots. Figure 6 presents a plot of all the data of 
Figure* 2-5 on one graph a«l ahowa the striking similarity in the data. This very similar 
vertical distribution of the 1.0-um aerosol extinction in Figures 2-6 suggests that it is 
reasonable to construct a almple analytic representation for profile* from the five different 
latitudinal bin*. The following third order polynomial la used for thla representation: 

Log lo (0)-a + M + cZ 2 + dZ 3 (O 

where $ 1* the 1.0-ya aerosol extinction at altitude z measured from the tropopause and a, b, 
c, and d are coefficient* to be determined from the SACE I satellite data set. Thia calcula- 
tion wa* carried out to 20 km above the tropopause, the range over which the data are the 
moat accurate. The reaulta of the derived coefficients are given in Table 5. The computed 
profile using theae coefficient* for each of the aeaaonal period* la Indicated in Figure* 2-5 
by the heavy curve. As one can aee , the computed profiles represent the average of the 
vertical profile* from the five different latitudinal bins very well. It la understood that 



TADLK 1 


ALT* ( km ) 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 
1 1 
1 2 
13 
1 4 

15 

16 

17 

18 
19 

20 

TROP- HEIGHT 


Zonal ly Averaged Stratospheric Aerosol Extinction 
at 1.0 K.crome ter (1 /Arc) for March, April, and Kay 1979 

LATITUDE 


7SS-405 

1 .921 E-04 
1 .668E-04 
1 .507 E-04 
1 . 260E-04 
1 .276E-04 
1 .31 5E-04 
i . 3 2 3 E- 0 4 
1 .261 E-04 
1 . 1 40E-04 
9 . E 58 E-OS 
8 . 205E-C5 
6.59' E-CS 
5.1S2E-C5 
3.860E-05 
2.90CE-C5 
2 .1 63E-95 
1 .594E-05 
1 . 1 64 E-05 
0.423E-O6 
6.171E-06 
4.596E-06 
10.75 


40S-2CS 

1 .371 E-04 
1 .1 R9F-04 
1 .096E-04 
1 . 1 09 E-04 
1 . 1 41 E-04 
1 . 1 28E-04 
1 .067E-04 
9 .676E-05 
0 .482E-0S 
7 . 255E-0S 
6.0B3E-05 
4 .967E-0S 
4.001 E-0S 
3.203E-CS 

2 . 5 20E-OS 
1 .954E-CS 
1 .477E- S 
1 . 08 3E- 5 
7 . 894 E- ?6 
5 .7 20E-G6 
4.191 E-06 
14.21 


20S-20N 


5.779E-04 
3 . 254F.-04 
1 . 708E-04 
1 . 2 39E-04 
1 .1 36E-04 
1 . 087 E-04 
1 .020E-04 
9.433E-05 
H .7 48 E-05 
8.047E-05 
7 . 300E-0S 
6.586E-05 
5.865E-05 
4.982E-0S 
3.829E-05 
2 . 7 7 1 E-0S 
1 . 9 35 E-0S 
1 . 3 1 9E-0S 
8 .857E-06 
5.905E-06 
4 .000E- 06 
16.60 


20N-40N 


2.871 E-04 
1 .771 E-04 
1 . 376E-04 
1 . 22 1 E-04 
1 .1 56E-04 
1 .1 30E-04 
1 . 098E-04 
1 . 044E-04 
9 , 576E-05 
8.750E-0S 
7 .781 E-05 
6.748E-0S 
5 .638E-0S 
4.599E-05 
3.678E-0S 
2. 806 E-05 
2 . 1 64 E-05 
1 .642E-0S 
1 . 230E-05 
9 . 026E-06 
6 . 5Q6E-06 
13. IS 


40N-75N 


7 .01 3 E-04 
3.337E-04 
1 .97 3 E-04 
1 .S97F-C4 
1 . 4 33E- 34 
1 . 331 E-04 
1 . 26 2E-C4 
1 .1 95E-04 
i . 1 18E-04 
1 . 0 32E-04 
9 . 42BE-05 

6 . 5 38E-05 

7 . 6 26E-05 
6.61 5E-05 
5 . 468E-U5 
4.2501-05 
3 . 1 39E-05 
2.272 E-05 
1 .663E-05 
1 . 196E-05 
8.653E-06 

5.54 


“Altitude above tropopause 


TABLE 2 Zonally Averaqed Stratospheric Aerosol Extinction at 
1.0 Micrometer (1/kn) for June, July, and August 1979 


LATITUDE 


ALT’ 
( An ) 

7SS-40S 

40S-20S 

20S-20N 

2ON-40N 

40N-75KI 

0 

2 . 1 6SE-04 

1 . 5 42 E-04 

1 .513E-04 

1 . 475E-04 

4 . 835E-04 


1 .79SE-04 

1 . 3 84 E-04 

1 . 1 57E-04 

1 . 346E-04 

2.241 E-04 

2 

1 .610E-O4 

1 .275E-04 

1 .1 20E-04 

1 . 1 28E-04 

1 .541 E-04 

3 

1 . 489E-04 

1 . 229E-04 

1 . 1 08E-04 

1 . 1 15E-04 

1 . 3 38 E-04 

4 

1 .41 8F.-04 

1 . 235 E-04 

1 .1 25E-04 

1 .096E-04 

1 . 27 4 E-04 

5 

1 . 405E- 04 

1 .25 IE-04 

1 . 1 0 1 E-04 

i .022E-04 

1 .253J-04 

6 

1 . 306E-O4 

1 .209 E-04 

1 .065E-04 

9 .679E-05 

1 . 2 32 E-04 

7 

1 .329E-04 

1 . 1 44 E-04 

1 .02 3E-04 

8.899E-05 

1 .1 69E-04 

e 

1 . 2 33E-04 

1 . 049 E-04 

9.8S3E-0S 

7 .755 E-05 

1 .091 E-04 

9 

1 . 095E-04 

9.334E-0S 

9.290E-05 

6.694E-05 

1 .00SE-04 

1 0 

9 . 288E-05 

7 .91 3E-0S 

8 . 388E-05 

5 .731 E-05 

8.945E-05 

1 1 

7.7O9E-0S 

6.51 1E-CS 

7 . 292E-05 

4.870E-05 

7 .697E-0S 

1 2 

6 . 224 E-CS 

5 . 282E-05 

5.620E-05 

3.756E-05 

6 . 293E-05 

\ 3 

5 . 0 38E-0S 

4 . 2 38E-0S 

3.679E-05 

2.860E-05 

4 .8 20E-05 

1 4 

4.11 8F.-05 

3.44BE-0S 

2.420E-05 

2 . 1 82E-05 

3.S10E-0S 

15 

3 . 332E-05 

2.834L-05 

1 .660E-05 

1 . 61 0E-05 

2.496E-0S 

16 

2.691 E-0S 

2.1 60E-05 

1 .142E-05 

1 . 1 99E-05 

1 . 7 4 6 E- 0 5 

1 7 

2.01 0E-05 

1 .642E-0S 

7.904E-06 

8.81 9E-06 

1 .251E-05 

1 8 

1 . 4 39E-OS 

1 . 242E-05 

S.544E-06 

6.572E-06 

8.851 E-06 

1 9 

1 . 026E-05 

9.11 2E-06 

3.947E-06 

4.961 E-06 

6.327E-06 

20 

7 .347E-06 

6.616E-06 

2.8S8E-06 

3.771E-06 

4 . 604E-06 

TROP- HEIGHT 

10.98 

12.82 

16.57 

15.36 

10. SO 


‘Altitude above 

tropopause 
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TABLE 3 Zonally Averaged Stratospheric Aerosol Extinction at 
1.0 Micrometer (l/km) for September, October, and 
November 1979 


LATITUDE 

ALT* 

(km) 

7S5-40S 

40S-20S 

20S-20N 

20N-40N 

40N-75X 

0 

3.843E-04 

2 . 396E-04 

3 . 4 32E-04 

1 .440E-04 

2.702E-04 

1 

3 .U07E-04 

1 .639E-04 

2.770E-04 

1 . 205E-04 

1 .721 E-04 

2 

2.393E-04 

1 -53 3E-04 

1 .6918-04 

1 . 1 52E-04 

1 .423F-04 

3 

2 .033E-04 

1 .411 F-04 

1 . 240E-04 

1 . 1 70E-04 

1 . 348E-04 

4 

1 .81 8E-04 

1 . 390E-04 

1 .1 48E-G4 

1 . 1 97E-04 

1 . 349E-04 

5 

1 .654E-04 

1 . 354E-04 

1 .084E-04 

1 .187E-04 

1 .402E-04 

6 

1 . 488E-04 

1 . 290E-04 

1 .044E-04 

1 .1 22E-04 

1 . 407E-04 

7 

1 * 3 1 4 E- C4 

1 . 1 80E-04 

1 .007E-04 

1 . 0 2 3 E- 04 

1 . 376E-04 

8 

1 .1 29 8-04 

1 . 06 1 E- 04 

9 . 502E-05 

8.859E-OS 

1 .291 F-04 

9 

9 . 5 9 3E-C5 

9 - 340E-05 

8.691E-C5 

7 . 723E-05 

1 . 149E-04 

1 0 

7.86 35-05 

7 . 880E-05 

7.521 E-05 

6 . 596E-05 

9.819L-05 

1 1 

6 . 5S0E-05 

6 . 656E-05 

5.682E-05 

5 . <94 E-05 

7.950E-05 

1 2 

5.398E-05 

S.469E-05 

3 . 977E-05 

4 * 490E-05 

6. 220E-05 

1 3 

4 . 296E-C5 

4 . 190E-05 

2 .71 0E-0S 

3.61 9E-05 

4 . 704 E-05 

1 4 

3 . 387I-0S 

3 . 246E-05 

1 . 84SE-OS 

2 .7 26E-05 

3 . 5 24E-05 

i 5 

2.658E-G5 

2 . 487E-OS 

1 . 286E-05 

2.029E-05 

2.51 3E-05 

16 

2.0S2E-0S 

1 . 890E-05 

9.053E-06 

1 .SUE-05 

1 .827E-0S 

1 7 

1 . 523E-05 

1 .442E-OS 

6.423E-06 

1 . 082E-05 

1 -316E-05 

1 8 

1 . 107E-CS 

1 .022E-05 

4 . 640E-06 

7.B96E-06 

9 . 563E-06 

19 

8 . 08 3 £-06 

7 . 369E-06 

3 .421 E-06 

5.762E-06 

6 . 99 2 E-06 

20 

5 .920E-06 

5.31 0E-06 

2.555E-06 

4 . 267 E-06 

5.1 28E-06 

TROP-HEIGHT 

9.70 

13.49 

16.77 

14.99 

10.77 


•Altitude above tropopause 


TA£LE 4 Zonally Averaged Stratospheric Aerosol Extinction at 
1 Micrometer (1/ka) for December 1979, January arcj 
February 1988 


LATITUDE 

ALT* ~~ 


(km ) 

75S-40S 

40S-20S 

20S-20N 

20N-40N 

40N-75N 

0 

3 . 7 98E-04 

2. 909E-04 

5 . 149E-04 

2.479E-04 

2.738E-04 

1 

3.044E-04 

2.349E-04 

4.376E-04 

2.237E-04 

2.340E-04 

2 

2.418E-04 

1 .930E-04 

3. 385E-04 

2.286E-04 

2.341E-04 

3 

2. 121E-04 

1 .6‘0E-04 

2 . 939E-04 

2. 27 7 F-04 

2 376E-04 

4 

1 . 952E-04 

1.439E-04 

2.132E-04 

2.182E-04 

2 . 34 1 E-04 

5 

1 .743E-04 

1 .211E-04 

1 .342E-04 

2.0Q4E-O4 

2 . 175 E— 04 

6 

1 .483E-04 

1 .024E-04 

1 .047E-04 

1.778E-04 

1 . 935E-04 

7 

1 . 252E-04 

8 . 859E-Q5 

9.617 E— 05 

1 . 563E-04 

1 .682E-04 

8 

1.075E-04 

7 , 7 22E-05 

8.7 60E-05 

1.311 E-04 

1 .454 E-04 

9 

9 .47 1 E-05 

6 , 697 E-05 

7 . 679E-05 

1 .101E-04 

1 . 242E-05 

10 

8 . 263E-05 

5.81 8E-05 

6. 1 83E-05 

9.256E-05 

1 .075E-04 

1 1 

7.141 E-05 

4.709E-05 

4 . 638E-05 

7. 784 E-05 

9 . 328E-05 

12 

5.955E-05 

3.762E-05 

3. 444 E-05 

6.337E-05 

7 . 888E-05 

1 3 

4.800E-05 

2 . 899E-05 

2.496E-05 

5. 087 E-05 

6.676E-05 

14 

3. 7 96 E-05 

2.174E-05 

1 .750E-05 

3.9L5E-05 

5.466E-05 

15 

2.940E-05 

1.61 2E-05 

1 .24 7 E-05 

2 . 883E-05 

4 . 197E-05 

1 6 

2. 197 E-05 

1.145 E-05 

8.842E-06 

2. 04 7 E-05 

3. 087E-05 

17 

1 .596E-05 

8. 205 E-06 

6.294E-06 

1 . 384E-05 

2.134 E-05 

18 

1 . 1 47 E-05 

5 . 860E-06 

4 . 522E-06 

9.77 6E-06 

l .493E-05 

19 

8.272E-06 

4.219E-06 

3. 276E-06 

6. 858E-06 

1 .054 E-05 

20 

5.974E-06 

3. 065E-06 

2. 425E-06 

4.885E-06 

7 . 409E-06 


TROP-HE ICHT 10.14 14.74 16.65 


use 


Altitude above tropopa 
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Sept. -Oct. -Nov. 


75S-40S 

40S-P05 

?OS-?DN 

pon-hon 


“1 



Pig 


Vertical distribution 


aerosol 1.0-um ertinctlon for September-October- 
November 0 979) at tne tropics, and aid- and high latitudes in both hemispheres above 
the tropopause. 


Dec. -Jan. -Feb. 


35 [_ » i <«»*»<: rmTr77j — i i min; — rrn i : i 


r 

h 



• 75S-405 -j 

■ 4 OS- PCS -; 

♦ pos-pon _j 

* PCn-4C.\‘ 

♦ 40f9-7$N r 


I-V-4H 



Fig. 5. Vertical distribution of aerosol 1 .O-ym extinction for Deceober ( ! 979 ) - janua r y- 
February M98P! at the tropics, and mid- and high latitudes in both hemispheres above 
the tropopause. 
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these heavy curves are only approxlraate representations of Lhe globally-averaged vertical 
distribution since ve have only used 1 year of the SAGE 1 data set, but it does appear to be 
a reasonable representation. Also listed In Table 5 is a separate fit to the data of Figure 
6 . 


TABLE 5 Coefficients of the Polynomial (Eq. 1) Derived from 

SACE 1. D-uni Aerosol Extinction (March 1979 to February 
1980) 


PERIOD* 

a 

COEFFICIENTS 
b c 

d 

HAM 

-3.60 

-8.59E-02 

6.30E-03 

-3.17E-04 

JJA 

-3.78 

-1.79E-02 

-5.66E-04 

-1 .27E-04 

SON 

-3.67 

-3.26E-02 

-2.99E-04 

-1.20E-04 

DJF 

-3.50 

-5.42E-02 

4.01E-04 

-1 .2 IE-04 

YEARLY HE AN 

-3.6** 

-4.77E-02 

-1 .46E-03 

-1 .71E-04 


*MAM (March, April, May) 

JJA (June, July, August) 

SOS (September, October, November) 

DJ~ (December, January, February) 



Extinction, km' 1 


Fig. 6. The spreading of the vertical profiles froo all the different seasons and 
latitudinal bins given in Figures 2-5. 

SUMMARY 

In this analysis, a reference background stratospheric aerosol optical model is developed 
based on the nearly global SAGE I satellite observations in the non-volcanic period from 
March ^979 to February 1980. Zonally averaged profiles of Che 1 .0— um aerosol extinction for 
the tropics and the mid- and high altitudes for both hemspheres are obtained and presented 
in graphical and tabulated form for the different seasons. 2r. addition, analytic expressions 
these seasonal global zonal means, as well as the vear,y global mean, are determined 
according to a third order polynomial fit to the vertical crcfiie data set. This proposed 
background stratospheric aerosol model can be useful in nocenr.c studies of stratospheric 
aerosols and for simulations of atmospheric radiative transfer and radiance calculations in 
atmospheric remote sensing. 
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COMPARISON BETWEEN OBSERVED AND CALCULATED DISTRIBUTIONS 
OF TRACE SPECIES IN THE MIDDLE ATMOSPHERE 

G. Brasseur* and A. DeRudder** 

♦National Center for Atmospheric Research, Boulder, CO 80307 
♦♦Belgian Institute for Space Aeronomy, 1180 Brussels, Belgium 


INTRODUCTION 

The number density of atmoepheric minor constituents is characterized by large temporal and spatial 
variability. In the case of long-lived specie* such as the “source gases’* (N^O, CH 4 , the chlorofluorocar- 
bon*, etc.), transport processes may account for much of this variability. In the case of fast-reacting 
species such as chemical radicals (OH, H0 3 , O, NO, Cl, etc.), a large fraction of the variability is 
produced by the diurnal and seasonal variation of the solar insolation. However, as these radicals are 
usually produced by chemical or photochemical decomposition of long-lived species, their distribution is 
also indirectly controlled by transport processes. Finally, in the case of species whose chemical lifetime is 
approximately equal to the transport characteristic time of the atmosphere (ozone and nitric scid in the 
middle stratosphere, temporary reservoirs such as HOjNOj, ClONOj, HOC1 in given altitude ranges), 
chemistry and dynamics play an equally important role. 

With the measurement, over a significant period of time and over a wide spatial range, of a number 
of trace species concentrations, it has become possible to produce climatological distributions of these 
compounds and even, for some of them, to infer reliable empirical models. As most of these models result 
from averaging a large number of observations, they may be compared to theoretical models which intend 
to simulate global average conditions by solving the conservation equations based on chemical, radiative 
and dyn ami cal considerations. Such comparison allows the validation of both observational data and 
theoretical calculations. Moreover, such study leads to a better understanding of the basic processes 
which control the observed distributions and to the identification of inconsistencies between theory and 
observations 

Ideally, in order to investigate all processes involved, a comparison between theory and observations re- 
quire on the one hand multidimensional models and on the other hand atmospheric data sets covering the 
entire earth. However, because the data available are limited and accurate multidimensional transport 
schemes are computationally expensive and difficult to achieve, “first order validation of the currently 
known chemical processes in the stratosphere can be based on simpler one-dimensional calculation 

The purpose of this short paper is vo identify major discrepancies between empirical models and theore^icaj 
models and to stress the need for additional observations in the atmosphere and for further laboratory 
work, since these differences suggest either problems associated with observation techniques or errors in 
chemical kinetics data (or the existence of unknown processes which appear to play an important role). 
The model used for this investigation [l] extends from the earth’s surface to the lower thermosphere. It 
includes the important chemical and photochemical processes related to the oxygen, hydrogen, carbon, 
nitrogen and chlorine families. The chemical code is coupled with a radiative scheme which provides 
the heating rate due to absorption of solar radiation by ozone and the cooling rate due to the emission 
and absorption of terrestrial radiation by COj, HjO and Oj.(2] The vertical transport of the species ls 
expressed by an eddy diffusion parameterization. 

COMPARISON BETWEEN THEORETICAL MODELS AND OBSERVATIONS 
As the model used hereafter is one-dimensional and produces global average vertical profiles, the present 


* National Center for Atmospheric Research is funded by the National Science Foundation 
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•tudy will focus essentia!* on the long-lived trace gases However, some important and unexplained 
discrepancies concerning the fast-reacting species will also be mentioned. 

Source Gaso 

The calculated distributions of N,0. CH„ CC1., CH,CCI,. CFC-11 and CFC-12, are displayed in 
Figures 1-fi. The agreement between theoretical and observed vertical distributions is good for > 3 0 



Fig. 4. Comparison between observed distributions of CFC-12 |3, S] and a 1-D theoretical 
profile. 



Fig. 5. Comparison between observed distributions of carbon tetrachloride |8, 9] a od a 
1-D theoretical profile. 
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vflLdrii mixing RATIO Ippl.) 


Fig. 6. Comparison between observed distributions of methy] chloroform [8, 9| and & 1-D 
theoretical profile. 


•Jid for CH 4 . In the Utter case however large differences in the observations exist above 30 km. making 
the comparison between model and observation difficult. The relatively good agreement, in the case 
of N a O, is not surprising as the eddy diffusion coefficients which are used in the models (including the 
present model) are usually tunea to fit the vertical profile of this particular gas. For the precursor gases 
of active chlorine (e.g., the CFCs), the model tends to overestimate the mixing ratio, especially in the 
higher levels, except for CFC-12. Such discrepancy which appears in essentially all 1-D models has not 
yet been resolved. It can be due either to the use of an inadequate eddy diffusion coefficient or to an 
underestimated loss rate (or to both). Indeed, it has been shown from theoretical considerations |10 
that the specified value of the 1-D eddy diffusion coefficient should be a function of the lifetime of the 
trace-constituent. Moreover, uncertainties remain in the calculation of the penetration of sunlight in the 
Schumann -Runge bands, leading to uncertain photodissociation rates of the chlorofluorocarbon*. 

The calculated lifetime of the source gases playing a major role in the stratosphere is given in Table 1. 


TABLE 1 Calculated Lifetime of the Source Gases 


Species 

Lifetime (yrs) 

NjO 

165.6 

ch 4 

10.0 

CHjCI 

1.5 

CC1 4 

68.8 

ch 3 cc; 3 

6.6 

CFCIs(CFC-ll) 

86.6 

CFjC1j(CFC-12) 

154.3 

CFC1 2 CF 3 CI(CFC-113) 

129.8 

CHF 3 Cl(CFC-22) 

16.2 
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Active G ases and Temporary Reservoirs 


The concentration of active gases such as OH. HO,, O, Cl, CIO, etc is dtfficult to measure smee the.r 
concentration is low and their chemkai reactiv.ty very high. A reliable companson between theorems 
model results and the few available data requires the knowledge of the solar aenith angle at the time of 
the measurement and the concentration in the observed air mass of the transport dependent long-l.ve 
species which are the progenitor of the fast reacting compounds. From examinatton of F.gures , and 
6 it can however be deduced that the most recent measurements of me OH radteal 111, 12, 13. 14, ha e 
the same order of magnitude than values provided by theoretical models but that, in the case of HO, the 
values reported by Helten et al. jlS] are in tne lower stratosphere a factor 100 larger that: redteted by 



Fig. 7. Comparison between observed or indirectly deduced mixing ratio of OH [11, 12, 13, 
14 and theoretical profiles (24 hour average and daytime average; mid-latitude; equinox). 



Fig. 8. Comparison between observed mixing ratio of H0 2 [IS] and theoretical profiles 
(24 hour average and daytime average; mid-latitude, equinox). 


PAGE IS 
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theory. If addition*! measurements ur.d to confirm these data, the p-eser.tly accepted chemical scheme 
is in error for the hydrogen spec.es at least, in the atmospheric layer where the oione concentration is 
the largest. 

Efforts to measure the vertical distribution of temporary reservoirs have been reported only recently. 
Figures 0 and 10 show that, especialis for C10N0 3 , the data deduced from infra-red measurements, for 
example from the ATMOS experiment, are consistent with a 24 hour-averaged model calculation. 



Fig. 0. Comparison between observations of H0 3 N0 3 |l6i and a 24-hour average theoret 
ical profile (mid-latitude, equinox). 



Fig. 10. Comparison between observations of ClONOj (17, 18, 10] and a 24-hour average 
theoretical profile (mid-latitude, equinox). The dotted line and the dashed line refer to 
ATMOS data at 30*N (sunset) at 47*S (sunrise) respectively. 



123 


Nitric Acid and Oxone 

Finely, a comparison betw«n theory and observations is performed for 2 gases (HNO s and 0 3 ) which 
*xe produced in the stratosphere and w hose lifetime varies s i gn i 6 c e-Ji l i > with altitude and latitude Ln 
the case of HN0 4 (Figure 11). the agreement is fairly good between theory and observation below 30 
Vm but above this height, most models seem to overestimate the HNOj mixing ratio. Thu discrepancy 
is emphasised by the fact that a new treatment of the HNOj LIM5 data '20j indicates that the mixing 
ratio retrieved Ln the upper stratosphere should be reduced by as much as a factor 2-5. 



Fig- 11. Comparison between observations of nitric acid (balloon-borne experiments ax S 
LEMS data) and a theoretical profile (24 hour average, mid-!atituoe, equinox). 


Oxone has been measured rather systematically and by different techniques over a number of years 
The vertical profile provided by the VS Standard Atmosphere !2l' which is in close agreement with 
other data bases is compared in Figure 12 with a model calculation. The theoretical concentrations are 
obviously 20 to 40% lower than the observed values in the upper stratosphere. This oxone imbalance 
which w r as noted in several investigations ! 22, 23) is not yet explained. It could be due either to unknown 
additional production processes of oxone or to errors in some chemical or photochemical parameters. This 
problem is a major question as it reflects some unknown processes occurring in the atmospheric region 
where photochemical conditions apply and where the largest relative oxone depletions are predicted as 
a response to the emission of CFCs. 

CONCLUSIONS 

Models reproduce most of the observed distributions of the trace species belonging to the oxygen, 
hydrogen, nitrogen and chlorine families. Some discrepancies however remain, which reflect errors or 
uncertainties in the chemical scheme currently adopted in the models. More work it thus needed to 
identify the physical or chemical processes which could explain the cause of these discrepancies. A 
more detail comparison between observations and theory, which should account for the latitudinal and 
seasonal variation of the trace species concentration, should involve multi-dimensional models. 


OT'K'Xi&L PAGE IS 
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Fi|. 12. Comparison between the U.S. Standard atmosphere model of ozone |2l] and a 
theoretical vertical distribution. 
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REFERENCE MODELS FOR THERMOSPHERIC NO 

C. A. Barth 

University of Colorado 
Boulder, CO 80309 


Nitric oxide has been measured with an ultraviolet spectrometer on the polar-orbiting satellite Solar Mesosphere 
Explorer (SME) for the period January 1982 to August 1986. The nitric oxide database contains densities at all 
latitudes sorted into 5°-bins and at altitudes between 100 and 140 km sorted into 3.3-knvbins. The hugest 
densities occur at latitudes in the auroral zones where the density varies as a function of geomagnetic activity. 
Variations of a factor of 10 occur between limes of intense activity and quiet limes. At low latitudes, the nitric 
oxide density at 1 10 km vanes from a mean value of 3 x 10 7 molecules/cm 3 in January 1982 to a mean value of 
4x 10^ n,o::\ u!cs/cm 3 during solar minimum conditions in 1986. In addition, the low-latitude nitric oxide density 
varies ±.o0'.l with a penod of 27 days during limes of high solar activity. 
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Floare l Nitric oxide density for the 1982-1984 equinox periods as a function of geographic 
Observations for the penods March 7 to April 2 and September 10 to October 6 for the yean 198 19*3, and 

1984 are averaged together. The contour interval is lxlO 7 molecules cm' 3 and the lowest contour level ts lx 10 

molecules cm' 3 . 
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Table 1. Nilric oxide density lor the 1982-19R4 equinox periods as a function of geographtc latitude and altitude. 
Observations for the penods March 7 to April 2 and September 10 to October 6 for the yean; 1982, 1 JX3. and 
19S4 are averaged together. The averaged densities are given in units ot H) 6 molecules cm . 
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Figure 2. Nitric oxide density for the 1985-1986 equinox periods as a function of geographic latitude and altitude 
Observations for the penods March 7 to Apnl 2 of 1985 and 1986 and September 10 to October 6 for the year 
1985 arc averaged together. The contour interval is 1 x I0 7 molecules enr 3 and the lowest contour level is 1 x I0 7 
molecules cmT 
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Table 2. NO Density (x 10$ molecules/cm^) 
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Table Nunc oxide density for the 1985-1986 equinox periods as a function of geographic latitude and altitude 
Observations for the penods March 7 to Apnl 2 of 1985 and 1986 and September 10 to October 6 for the year 
1 785 are averaged together. Hu* averaged densities are given in units of 10 6 molecules cnv 3 . 
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Figure 3. Nitric oxide density for the 1982-1984 equinox periods as a function of geomagnetic latitude and 
altitude. Observations for the penods March 7 to April 2 and September 10 to October 6 for the years 1982 
1983, and 19X4 arc averaged together. The contour interval is IxlO 7 molecules env and the lowest contour level 
is IxlO 7 molecules cm 3 . 
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Table 3. Nimc oxide density for the 1982-1984 equinox periods as a function of geomagnetic latitude and 
altitude. Observations for the periods March 7 to April 2 and September 1U to October 6 lor the years ! 982. 
iy$3, and 1984 are averaged together. The averaged densities arc given in units of 10 6 molecules cm T 
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Figure 4. Nitric oxide density for the 1985*1986 equinox periods as a function of geomagnetic latitude and 
aliitude. Observations for the periods March 7 to April 2 of 1985 and 1986 and September 10 to October 6, 
1985, are averaged together. The contour interval is IxlO 7 molecules cm 3 and the lowest contour level is lxlO 7 
molecules cm 3 . 
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Table 4. Nitnc oxide density for the 1985* 1986 equinox periods as a funciion of geomagnetic latitude and 
altitude. Observations for the periods March 7 to April 2 of 1985 and 1986 and September 10 to October 6, 1985, 
arc averaged together. ’I he averaged densities are given in units of 10* molecules cm 3 . 
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Finurc 5. Nitric oxide density for the 1982-1984 equinox periods as a function of geomagnetic latitude and 
altitude for days when Ap>30. Observations for the periods March 7 to Apnl 2 and September 10 to October 6 
for the yean 1982, 1983, and 1984 are averaged together. The contour interval is U10' molecules cm° and the 
lowest contour level is lxlO 7 molecules cm'^ 
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Table 5. Nitric oxide density for the 1982-1984 equinox periods as a function of geomagnetic latitude and altitude 
for days when Ap>30. Observations for the periods March 7 10 April 2 and September 10 to October 6 lor the 
years 198^ 1983 and 1984 arc averaged together. The averaged densities are given in units ol 10* molecules 
cm3. 
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Figure 6. Nitric oxide density for the 1985-1986 equinox periods as a function of geomagnetic latitude and 
altitude for days when Ap>30. Observations for the periods March 7 to April 2 of 1985 and 19X6 and 
September 10 to October 6, 1985, tire averaged together. The contour interval is IxlU 7 molecules cm 3 and the 
lowest contour level is JxlO 7 molecules cmT 
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Fable 6. Nitrit oxide density lor the 1985- 1986 equinox periods as a function of geomagnetic latitude and altitude 
lor days when i Ap>30. Observations lor the periods March 7 to April 2 of 1985 and 1986 and .September 10 to 
October 6, 1 78.\ are averaged together. The averaged densities arc given in units of 10*' molecules cm T 
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Figure 7. Nitric oxide density for the 1982-1984 equinox periods as a funcrion of geomagnetic latitude and 
altitude for days when Ajk 5. Observations for the periods March 7 to April 2 and September 10 to October 6 for 
the years 1982, 19X3, and 1984 are averaged together. The contour interval is lxlO 7 molecules enr 3 and the 
lowest contour level is lxlO 7 molecules cm 3 . 
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Table 7. Nitric oxide density for the 1982-1984 equinox periods as a function of geomagnetic latitude and altitude 
tor days when Apo. Observations for the periods M;irch 7 to April 2 and September 10 to October 6 for the 
years 1982, 1983, and 1984 arc averaged together. The averaged densities are given in units of 10* molecules 

enr- 1 . 
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Figure 8. Nitric oxide density for the 1985-1986 equinox periods as a function of geomagnetic latitude and 
altitude for days when Ap<5. Observations for the periods March 7 to April 2 of 1985 and 1986 and 
September 10 to October 6, 1985, are averaged together. The contour interval is lxlO 7 molecules cm -3 and the 
lowest contour level is lxlO 7 molecules cmT 
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Table 8. Nitric oxide density for the 1985-1986 equinox periods as a function of geomagnetic latitude and altitude 
for days when Ap<5. Observations for the periods March 7 to April 2 of 1985 and 1986 and September 10 to 
October 6, 1985, are averaged together. The averaged densities are given in units of 10 6 molecules cnv 3 . 
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Figure 9. Nitnc oxide density for the 1982-1984 northern summer solstice as a function of geomagnetic latitude 
and altitude Observations for the periods June 8 to July 4 for the years 1982, 1983, and 1984 are averaged 
together. The contour interval is IxlO 7 molecules cm* 3 and the lowest contour level is IxlO 7 molecules cnv J . 
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Table 9. NO Density (x 10* molccules/cm 3 ) 

Geomagnetic Lumude 
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Table 9. Nitric oxide density for the 1982-1984 northern summer solstice as a function of geomagnetic latitude 
and altitude. Observations lor the periods June K to July 4 for the years 1982, 1983, and 1984 are averaged 
together. Tie averaged densities tire given in units of 10 6 molecules cm . 
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Figure 10. Nirric oxide densiiy for the 1985- 1986 nonhem summer solstice as a function of geomagnetic latitude 
and aibiude. Observations for the periods June 8 to July 4 for the years 1985 and 1986 are averaged together. 
The contour interval is 1 x 1 0 7 molecules env 3 and the lowest contour level is lxlO 7 molecules cm 7 . 
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Table 10. Nunc oxide density for the 1985-1986 northern summer solstice as a function of geomagnetic latitude 
and altitude. Obscrvauons for the periods June 8 to July 4 lor the years 1985 and 1986 are averaged together. 
The averaged densities are given in units of 10 6 molecules cm 7 . 
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Figure 1 1 . Nitric oxide density for the 1982- 1 983 southern summer solstice as a function of geomagnetic latitude 
and altitude. Observations for the penod December 9 to January 4 for 1982 and 1983 are averaged together. The 
contour interval is IxlO 7 molecules cm 3 and the lowest contour level is U10 7 molecules cm 3 . 
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160 00000 (JOOOOOUQOUUO to 

157 55564320000200202 11 

153 13 5 53 11 10 6 6 3 2 2 2 3 0 3 2 2 2 2 I 

150 It II 12 12 10 9 9 9 8 X 7 7 6 3 3 2 2 2 2 

147 12 i: 12 13 II 11 n H) to y 9 V » 7 K 7 6 5 4 

143 13 12 13 14 12 12 12 12 11 II 10 9 v X 8 8 6 5 5 

140 13 13 14 13 I'J 13 13 13 12 12 it 1U 10 9 8 8 7 6 5 

137 |4 14 15 16 15 14 15 14 14 13 12 1 2 1 1 10 9 8 7 6 6 

137 16 16 17 18 16 16 16 16 15 15 14 13 12 1 1 11 10 V 7 7 

130 17 17 20 20 lit IK IK IK 17 17 16 15 14 14 13 1 I 10 9 8 

127 19 19 23 23 21 20 20 2(1 20 19 18 18 16 16 15 14 12 It 10 

127 21 22 27 26 24 23 23 22 22 21 21 20 W 19 18 16 15 14 13 

12U 23 24 30 2V 27 25 25 24 24 24 23 22 21 21 20 19 IX 16 16 

117 25 ^6 33 32 29 27 27 26 25 25 24 24 23 23 22 21 20 19 IK 

113 *>7 "'7 34 33 30 28 27 26 26 26 25 24 24 23 22 22 21 20 19 

110 27 27 74 3 3 3 0 2 8 2 7 2 6 2 5 2 5 2 4 2 3 2 3 22 22 2 1 2 1 20 20 

107 25 25 31 70 28 26 24 24 23 22 22 21 21 20 20 20 20 19 18 

103 *»> 22 26 26 24 22 21 20 19 19 IK 17 17 16 16 17 17 16 16 

100 18 17 20 20 19 17 16 16 15 14 14 13 13 12 12 13 13 13 12 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 

160 OOOOOOOUOOUOO 

157 1120200000000 

157 11222 0 0000000 

150 2122221112424 

147 4444443333448 

143 3444443334457 

140 5544444344569 

137 655 5 444445678 

177 766555555689 10 

130 8 8 7 7 6 6 6 6 7 8 10 13 13 

127 10 10 9 9 8 K 8 8 9 10 14 17 18 

127 13 13 12 II 11 10 10 10 11 13 17 22 24 

120 16 15 14 14 13 12 12 12 14 16 21 26 30 

111 18 17 17 16 15 15 M 14 16 19 24 30 34 

)13 19 19 18 18 17 16 16 16 18 22 28 34 38 

110 20 19 IK 18 17 16 16 17 20 25 30 36 39 

107 18 IS 17 16 16 16 15 17 2t 26 31 36 38 

107 16 15 15 14 14 13 14 16 21 26 30 35 36 

100 12 11 It M 11 10 11 13 16 22 25 31 3! 

Table 11. Nitric oxide density for the 19K2-1983 southern summer solstice as a function of geomagnetic latitude 
and altitude. Observations lor the period December 9 to January 4 for 19X2 and 1983 are averaged together. I he 
averaged densities arc given in units of 10^ molecules cm 3 . 
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NITRIC OXIDE DENSITY 



MAGNETIC LATITUDE 

Figure 12. Niuic oxide density for the 1984-1985 northern summer solstice as a function of geomagnetic latitude 
and altitude. Observations for the periods December 9 to January 4 for the years 1984 and 1985 are averaged 
together. The contour interval is IxlO 7 molecules enr 3 and the lowest contour level is lxlO 7 molecules cnr 3 . 
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Table 12. Nitric oxide density for the 1984-1985 southern summer solsnce as a function of geomagnetic latitude 
and altitude. Observations for the periods December 9 to January 4 for the years 1984 and 19X5 are averaged 
together. The averaged densities arc given in units of 10 6 molecules cm 3 . 
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ABSTRACT 

A provisional Atomic Oxygen Reference model has been derived from average monthly ozone profiles and 
the MS1S-86 reference model atmosphere. The concentrations are presented in tabular form for the 
altitude range 40 - 130 km. 

INTRODUCTION 

While atomic oxygen is an important constituent in the terrestrial atmosphere the measurement of the 
atmospheric concentration profile is extremely difficult /l/. Those measurements that have been reported 
(see for example Planetary and Space Science, Volume 36, issue #9, 1988) have certainly not suggested any 
general agreement on the concentration profile and have indicated that the concentration at the peak of 
the layer, near 100 km, may vary by as much as two orders of magnitude PJ. This apparent difference is 
illustrated, in Figure 1, for two profiles 13 / that were taken under similar conditions (latitude, season and 
time of day), albeit separated by approximately half a solar cycle. However, it should be noted that possible 
interactions between the measuring instruments and the ambient atmosphere could seriously influence the 
measured concentrations. As the original source of this atomic oxygen must be the dissociation of molecular 
oxygen in the thermosphere such large variations would require major fluctuations in either the ultra-violet 
solar flux, or in those processes that control the loss of atomic oxygen. These latter could be either 
chemistry or transport dominated. While there is general agreement that the atomic oxygen concentration 
must exhibit some variation, there is much less agreement as to either the magnitude of these variations 
or a mean atomjc oxygen profile. Thus any proposed reference model for atomic oxygen must either 
include these large, reported, variations or justify some data selection. 

The atomic oxygen profile has been measured with a variety of different experimental techniques and each 
has its limitation. 

1. Mass Spectrometers -- The interactions of the atmospheric constituents with the mass spectrometer walls 
have been discussed extensively by Offermann et al. /I/ but there seems to be general agreement that the 
cryo-pumped systems are probably the best design for the lower thermosphere. These systems also offer 
the advantage that all atmospheric constituents are measured at the same time. 
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Figure 1. The apparent variation in the measured atomic oxygen concentration height profile for two 
nighttime profiles taken under similar conditions — latitude, season, time of day — but separated 
by half a solar cycle (P.H.G. Dickinson, private communication). 

2. Resonance Lamps — The details of the scattering appear to be interpreted differently by the various 
groups /4,5/ using this measurement technique so that the apparent concentrations are quite divergent. 
Recently there has been some suggestion that interactions between the vehicle and the ambient atmosphere 
may compromise the measurements /6/. 

3. Oxygen recombination emissions — The details of the oxygen airglow are still uncertain PI so that any 
atomic oxygen determination using these emissions is necessarily limited by the understanding of the airglow 
excitation process. 

4. The OH Meinel emissions - Recent work by McDade and Llewellyn /8/ has shown that our knowledge 
of these emissions can be used for atomic oxygen determination but again the accuracy of the derived 
concentrations are also limited by the knowledge of the airglow processes. However, there have been 
significant advances since Good /9 / first derived an atomic oxygen profile from the hydroxyl airglow. 

5. The quenching of the nitrogen Vegard-Kaplan bands in the aurora - Although this method has been 
used for atomic oxygen determination in the aurora there is a requirement for an independent knowledge 
of the excitation rate of the band system. As with many of the remote sensing methods there is some 
uncertainty in the appropriate rate constants /10/. 

6. The ozone concentration - The infra-red atmosphenc system of oxygen in the airglow can be used to 
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determine the ozone concentration HU and for the assumption that the ozone amounts are in equilibrium 
it is a simple matter to calculate the atomic oxygen profile /12 !/. Since the airglow emission is very strong 
there is little error in the derived atomic oxygen amounts for even strong auroral precipitation. 

PROPOSED MODEL 

For the mesopause region the available data base for atomic oxygen is somewhat limited. In-situ 
measurements are necessarily restricted to the locations of available sounding rocket ranges. To overcome 
this restriction it is believed that the best interim models should concur with the MSIS-86 model /13/. Thus 
it is proposed that the interim atomic oxygen reference model be a combination of the MSIS-86 model and 
the atomic oxygen profile derived from the global ozone distribution /14/. It is this combined interim model 
that is tabulated here. The proposed interim model, for atomic oxygen, makes a smooth transition from 
the concentrations derived from the global ozone distribution to those of the MSIS-86 model near 100 km. 
The adopted MSIS-86 atomic oxygen concentrations correspond, in all cases, to quiet solar conditions. The 
derivation of the atomic oxygen concentration from the ozone concentration follows the technique described 
by Evans et al. /15/. The calculation of the daytime atomic oxygen profile assumes that the rates of ozone 
formation and loss may be equated. As the ozone solar dissociation rate, at any altitude, depends on the 
column concentration of ozone, above that altitude, and the solar elevation angle both factors were included 
in the determination of the atomic oxygen concentration. For each month the mean solar elevation angle 
at noon, at that latitude, was used to determine the solar dissociation coefficient. The appropriate 
atmospheric densities and temperatures were taken from the MAP Reference Atmosphere of Barnett and 
Corney /16/ and the chemical rate constants were those used by Evans et al. /15/. While the proposed 
reference model must be considered interim it is expected that with new satellites (e.g. UARS) an improved 
atomic oxygen reference model should be possible. 

Acknowledgements. The authors wish to thank Dr. G. Keating for kindly providing the global ozone 
profiles in a computer compatible format and Dr. A. Hedin for making a PC version of the MSIS-86 model 
available. The authors are also indebted to Dr. P.H.G. Dickinson for providing a number of unpublished 
atomic oxygen profiles. 
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Table 1: Zonally averaged Atonic Oxygen Concentrations (cm' 3 ) in the Southern Henisphere 

[Concentrations shown as O.OE+OO have not been calculated as either the ozone 
concentrations are unknown or the ataosphere is in darkness]. 


January 


Latitude 

Alt 

-80 

(to.) 

-70 

-60 

-50 

-40 

-30 

-20 

-10 

130 

2.5E+10 

2.8E+10 

3.1E+10 

3.6E+10 

3.6E+10 

3.7E+10 

3.7E+10 

3.7E+10 

125 

3.6E+10 

3.9E+10 

4.4E+10 

5.1E+10 

5.1E+10 

5.1E+10 

5.1E+10 

5.0E+10 

120 

5.4E+10 

5.9E+10 

6.6E+10 

7.6E+10 

7.6E+10 

7 . 7E+10 

7.5E+10 

7.3E+10 

115 

8.9E+10 

9.8E+10 

1.1E+11 

1.3E+11 

1.3E+U 

1.3E+11 

1.2E+11 

1.2E+11 

110 

1.2E+11 

1.4E+11 

1.6E+11 

1.9E+11 

1.9E+11 

2.0E+11 

2.1E+11 

2.2E+11 

105 

1.7E+11 

1.9E+11 

2.2E+11 

2.8E+11 

2.8E+11 

3.0E+11 

3.2E+11 

3.4E+11 

100 

2.5E+11 

2.6E+11 

2.9E+11 

3.7E+11 

3.7E+11 

4.0E+11 

4.2E+11 

4.2E+11 

95 

3.0E+11 

3.0E+11 

3.2E+H 

3.8E+11 

3.8E+11 

4.0E+11 

4.0E+11 

3.9E+11 

90 

2.4E+11 

2.3E+11 

2.2E+11 

2.4E+11 

2.4E+11 

2.3E+11 

2.2E+11 

2 . 1E+11 

85 

9.1E+10 

8.1E+10 

7.3E+10 

6.5E+10 

6.5E+10 

5.8E+10 

5.2E+10 

4.6E+10 

80 

4 . 3E+09 

4.5E+09 

5 . 0E+09 

7.5E+09 

1.1E+10 

L.5E+10 

1.9E+10 

2.1E+10 

75 

4.9E+09 

4 . 4E+09 

4.1E+09 

4.2E+09 

4 . 3E+09 

4.6E+09 

5.2E+09 

5 . 2E+09 

70 

6 . 3E+09 

5.9E+09 

5.6E+09 

5.2E+09 

4.6E+09 

4.1E+09 

4 . 2E+09 

4.5E+09 

65 

7. 2 £+09 

7 . 0E+09 

6 . 8E+09 

6.2E+09 

5.8E+09 

5.7E+09 

5.9E+09 

6.1E+09 

60 

6.4E+09 

6 . 6E+09 

6.8E+09 

6.8E+09 

6.8E+09 

6.9E+09 

7.2E+09 

7.3E+09 

55 

4.BE+09 

5.2E+09 

5.6E+09 

5.9E+09 

6.1E+09 

6 . 3E+09 

6.5E+09 

6.7E+09 

50 

3 . 0E+09 

2 . 8E+09 

3.7E+09 

4.0E+09 

4.3E+09 

4 . 6E+09 

4 . 7E+09 

4.8E+09 

45 

1.2E+09 

1 . 4E+09 

1.6E+09 

1.8E+09 

2.0E+09 

2 . 2E+09 

2 . 3E+09 

2.3E+09 

40 

2.9E+08 

3.9E+08 

4.6E+08 

5.2E+08 

5.8E+08 

6.1E+08 

6.3E+08 

6.4E+08 


February 


Latitude 

Alt 

-80 

(km) 

-70 

-60 

-50 

' -40 

-30 

-20 

-10 

130 

2.7E+10 

3.0E+10 

3.3E+10 

3.6E+10 

3.8E+10 

3.9E+10 

3.8E+10 

3. 7E+10 

125 

3.8E+10 

4.2E+10 

4.6E+10 

5.1E+10 

5.3E+10 

5.3E+10 

5.2E+10 

5. 1E+10 

120 

5.8E+10 

6 , 3E+10 

6.9E+10 

7.5E+10 

7 , 8E+10 

7.8E+10 

7.6E+10 

7.4E+10 

115 

9 , 3E+10 

1.0E+11 

1.1E+11 

1.2E+11 

1.3E+11 

1.3E+11 

1.2E+11 

1.2E+L1 

no 

1.3E+11 

1 . 4E+11 

1.6E+11 

1.8E+11 

1.9E+11 

2.0E+11 

2.1E+11 

2. 2E+11 

105 

1.9E+11 

2.0E+11 

2.3E+11 

2.5E+11 

2.8E+11 

3.0E+11 

3.2E+11 

3.3E+11 

100 

2.6E+11 

2.7E+11 

3.0E+11 

3.3E+11 

3.7E+11 

3.9E+11 

4.1E+11 

4.0E+11 

95 

3.0E+11 

3.1E+11 

3.2E+11 

3.4E+11 

3.7E+11 

3.8E+11 

3.8E+11 

3.7E+11 

90 

2.2E+11 

2.2E+11 

2.1E+11 

2.2E+11 

2.2E+11 

2 . 2E+11 

2.1E+11 

2.0E+11 

85 

7.2E+10 

6.8E+10 

6.4E+10 

6.2E+10 

5.8E+10 

5.3E+10 

4.8E+10 

4.3E+10 

80 

5.0E+09 

5.2E+09 

6.4E+09 

8.9E+09 

1.3E+10 

1.8E+10 

2.2E+10 

2.2E+10 

75 

5 . 0E+09 

3.5E+09 

4.6E+09 

4.6E+09 

4.5E+09 

5 . 2E+09 

5.2E+09 

5.4E+09 

70 

6.1E+09 

4.6E+09 

5.8E+09 

5.3E+09 

4.9E+09 

4.5E+09 

4.6E+09 

4.6E+09 

65 

7.4E+09 

5.6E+09 

6.6E+09 

6.2E+09 

5.9E+09 

5.9E+09 

6.1E+09 

6 . 0E+09 

60 

6 . 9E+09 

5 , 8E+09 

6 . 7E+09 

6.6E+09 

6.8E+09 

6.9E+09 

7 . OE+09 

7 . 0E+09 

55 

5 . 2E+09 

4.8E+09 

5.7E+09 

5.8E+09 

6.0E+09 

6.2E+09 

6.2E+09 

6.5E+09 

50 

3.2E+09 

3.3E+09 

3.8E+09 

4.1E+09 

4.4E+09 

4.6E+09 

4 . 7E+09 

4.8E+09 

45 

1.1E+09 

1.4E+09 

1.6E+09 

1.8E+09 

2.0E+09 

2.2E+09 

2 . 3E+09 

2 . 4E+09 

40 

2.7E+08 

3.6E+08 

4.3E+08 

4.8E+08 

5.4E+08 

5.9E+08 

6.4E+08 

6.8E+08 
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Table 1: continued 


March 


Latitude 

-80 

-70 

-60 

-50 

-40 

-30 

-20 

-10 

Alt 

130 

(ka) 

3.1E+10 

3.3E+10 

3 . 7E+10 

4.0E+10 

4.1E+10 

4.1E+10 

4.0E+10 

3 . 9E+10 

125 

4.3E+10 

4.6E+10 

5 . 1E+10 

5.5E+10 

5 . 7E+10 

5.6E+10 

5.5E+10 

5.3E+10 

120 

6.3E+10 

6 . 8E+10 

7.4E+10 

8.0E+10 

8.2E+10 

8.2E+10 

7.9E+10 

7.6E+10 

115 

1.0E+11 

1.1E+11 

1. 2E+11 

1.3E+11 

1.3E+11 

1.3E+11 

1.3E+11 

1.2E+11 

110 

1.4E+11 

1.6E+11 

1.7E+11 

1.9E+11 

2.0E+11 

2.1E+11 

2.1E+11 

2.2E+11 

105 

2.1E+11 

2.2E+11 

2.4E+11 

2.7E+11 

2.9E+11 

3.1E+11 

3.2E+11 

3.3E+11 

100 

2.8E+11 

2.9E+11 

3.2E+11 

3.5E+11 

3.8E+11 

4.0E+11 

4.0E+11 

4.0E+11 

95 

3.0E+11 

3.1E+11 

3.2E+11 

3 . 5E+11 

3.7E+11 

3.7E+11 

3.7E+11 

3.6E+11 

90 

1.9E+11 

2.0E+11 

2.0E+11 

2.1E+11 

2 . 1E+11 

2.1E+11 

2.0E+11 

2.0E+11 

85 

5.2E+10 

5.3E+10 

5 . 3E+10 

5.3E+10 

5.1E+10 

4.9E+10 

4.6E+10 

4.2E+10 

80 

9.8E+09 

1. 5E+10 

1.6E+10 

1.9E+10 

2.3E+10 

2 . 5E+10 

2 . 3E+10 

2.1E+10 

75 

6.9E+09 

6 . 2E+09 

5.8E+09 

5.7E+09 

5.9E+09 

5.8E+09 

5.6E+09 

5. 4 E+09 

70 

6. 5E+09 

6 . 3E+09 

5.9E+09 

5. 2 E+09 

4.9E+09 

5.0E+09 

4.9E+09 

4.7E+09 

65 

7 . 2E+09 

6 . 7E+09 

6.3E+09 

5.9E+09 

5.8E+09 

6 . 1E+09 

6. 2 E+09 

6.1E+09 

60 

7 . 0E+09 

6 . 7E+09 

6.6E+09 

6. 4 E+09 

6.4E+09 

6 . 6E+09 

6.7E+09 

6 . 8E+09 

55 

5.6E+09 

5 . 2E+09 

5.7E+09 

.5 . 8E+09 

6.0E+09 

6.0E+09 

6.1E+09 

6.4E+09 

50 

3.5E+09 

4.1E+09 

4 . 2 E+09 

4.4E+09 

4 . 5E+09 

4.6E+09 

4.6E+-09 

4.7E+09 

4 5 

1 .0E+09 

1.4E+09 

1.7E+09 

1.9E+09 

2 . 0E+09 

2.2E+09 

2.4E+09 

2. 3 E+09 

AO 

2 . 0E+08 

3.0E+08 

3 . 8E+08 

4 . 5E+08 

5 . 1E+08 

5.6E+08 

6 , 3E+08 

6 . 7E+08 


Latitude 

-80 

-70 

-60 

April 

-50 

-40 

-30 

-20 

-10 

Alt 

130 

(ka) 

3.4E+10 

3.6E+10 

3.9E+10 

4. 1E+10 

4. 3E+10 

4.2E+10 

4.1E+10 

3.9E+10 

125 

4.6E+10 

4.9E+10 

5.3E+10 

5 . 6E+10 

5.8E+10 

5.7E+10 

5.5E+10 

5.3E+10 

120 

6.7E+10 

7.1E+10 

7.7E+10 

0 .2E+10 

8 . 4E+10 

8.2E+10 

7 . 9E+10 

7.6E+10 

115 

1.0E+11 

1.1E+11 

1.2E+11 

1.3E+11 

1.3E+11 

1.3E+11 

1.3E+11 

1.2E+11 

110 

1. 5E+11 

1 . 6E+11 

1.8E+11 

1.9E+11 

2.0E+11 

2 . 1E+11 

2.2E+11 

2.2E+11 

105 

2.2E+11 

2.3E+11 

2.5E+11 

2 .8E+11 

3.0E+11 

3.2E+11 

3.3E+11 

3. 3E+11 

100 

2 . 9E+11 

3 . 0E+11 

3. 3E+11 

3.6E+11 

3.8E+11 

4.0E+11 

4.0E+11 

4.0E+11 

95 

2.8E+11 

3.0E+11 

3.2E+11 

3.4E+11 

3.6E+11 

3.7E+11 

3.7E+11 

3.6E+11 

90 

1.6E+11 

1.7E+11 

l.BE+11 

1.9E+11 

2.0E+11 

2.0E+11 

2.0E+11 

2.0E+11 

85 

3.7E+10 

3.9E+10 

4.2E+10 

4.5E+10 

4.6E+10 

4.6E+10 

4 * 5E+10 

4.2E+10 

80 

0.0E+00 

0.0E+00 

3.0E+10 

3.2E+10 

3.1E+10 

2.7E+10 

2.3E+10 

2. 5E+10 

75 

0.0E+00 

O.OE+OO 

1.6E+10 

1 .1E+10 

7 . 8E+09 

6. 2 E+09 

5.7E+09 

5. 5E+09 

70 

0.0E+CC 

0 . 0E-* 0C 

2 .2E+09 

5.8E+09 

5. 3E+09 

2.7E+07 

5 . 0E+O9 

4.6E+09 

65 

0 . 0E+00 

O.OE+OO 

7.4E+09 

6.6E+09 

6.3E+09 

6.5E+09 

6.3E+09 

5.9E+09 

60 

0.0E+00 

0.0E+00 

7.3E+09 

6.9E+09 

6.6E+09 

6 . 7E+09 

6.8E+09 

6.7E+09 

55 

0.0E+00 

0.0E+00 

6 . 6E+09 

6.4E+09 

6.1E+09 

6.1E+09 

6.2E+09 

6.4E+09 

50 

3 . 0E+09 

5.2E+09 

4.5E+09 

4.5E+09 

4 . 7E+09 

4.6E+09 

4 . 6E+09 

4 . 7E+09 

45 

6.1E+08 

1.4E+09 

1.6E+09 

1.8E+09 

2 . 0E+09 

2.1E+09 

2.2E+09 

2 . 2E+09 

40 

1.1E+08 

2.4E+08 

3.1E+08 

3 . 7E+08 

4.3E+08 

4.0E+08 

5 . 6E+08 

6.2E+08 



Table 1: continued 


May 


Latitude 

-80 

-70 

-60 

-50 

-40 

-30 

-20 

-10 

Alt 

130 

(Vu») 

3.3E+10 

3.5E+10 

3.8E+10 

4.0E+10 

4 . 1E+10 

4 . OE+IO 

3.9E+10 

3.7E+10 

125 

4.6E+10 

4.8E+10 

5.2E+10 

5.4E+10 

5.6E+10 

5 . 5E+10 

5.2E+10 

5. OE+IO 

120 

6.6E+10 

7. OE+IO 

7 . 4E+10 

7 . 8E+10 

B. OE+IO 

7.8E+10 

7.5E+10 

7.2E+10 

115 

1.0E+11 

1.1E+11 

1.1E+11 

1.2E+11 

1.2E+U 

1.2E+11 

1.2E+11 

1.2E+11 

110 

1.5E+11 

1.6E+11 

1.8E+11 

1.9E+11 

2.0E+11 

2.0E+11 

2.1E+11 

2.1E+11 

105 

2.2E+11 

2.3E+11 

2. 5E+11 

2.8E+11 

3.0E+11 

3.1E+11 

3.2E+11 

3.2E+11 

100 

2.7E+11 

2.9E+11 

3.2E+11 

3.5E+11 

3.7E+11 

3.9E+11 

3.9E+11 

3.9E+11 

95 

2 . 5E+11 

2.7E+11 

3.0E+11 

3.3E+11 

3.5E+11 

3.6E+11 

3.6E+11 

3.6E+11 

90 

1.3E+11 

1.4E+11 

1.6E+11 

1.7E+11 

1.9E+11 

1.9E+11 

2.0E+11 

2.0E+11 

85 

2 . 8E+10 

3.1E+10 

3.4E+10 

3.9E+10 

4.3E+10 

4.5E+10 

4.6E+10 

4.3E+10 

80 

O.OE+OO 

O.OE+OO 

O.OE+OO 

3.7E+10 

3 . 1E+10 

2.8E+10 

6.9E+10 

3.2E+10 

75 

0.0E+00 

O.OE+OO 

O.OE+OO 

1.4E+10 

9.1E+09 

6.8E+09 

6.1E+09 

3.8E+09 

70 

O.OE+OO 

O.OE+OO 

O.OE+OO 

7.8E+09 

5.8E+09 

5.4E+09 

4.8E+09 

4. 3E+09 

65 

O.OE+OO 

O.OE+OO 

O.OE+OO 

7.2E+09 

7.0E+09 

6 . 5E+09 

6.3E+09 

5.9E+09 

60 

O.OE+OO 

O.OE+OO 

0 . OE+OO 

5.9E+09 

7.0E+09 

6.8E+09 

7.0E+09 

7 . 0E+09 

55 

O.OE+OO 

O.OE+OO 

O.OE+OO 

.7.4E+09 

6.4E+09 

6.0E+09 

6.2E+09 

6.5E+09 

50 

O.OE+OO 

3.4E+09 

5.4E+09 

4.4E+09 

4 . 5E+09 

■1.2E+11 

8.9E+10 

4.5E+09 

45 

O.OE+OO 

6. 8E+08 

1.4E+09 

1.5E+09 

1.8E+09 

2.3E+09 

2.4E+09 

2.0E+09 

40 

O.OE+OO 

1.3E+08 

2 . 4E+08 

2 . 9E+08 

3.5E+08 

4.6E+08 

5.4E+08 

5. 5E+08 


Latitude 

-80 

-70 

-60 

June 

-50 

-40 

-30 

-20 

-10 

Alt 

130 

(km) 

3.2E+10 

3.3E+10 

3. 5E+10 

3 . 7E+10 

3.8E+10 

3.7E+10 

3.6E+10 

3.4E+10 

125 

4 . 4E+10 

4.6E+10 

4 . 9E+10 

5.1E+10 

5.2E+10 

5.1E+10 

4.9E+10 

4.6E+10 

120 

6.3E+10 

6.6E+10 

7 . OE+IO 

7.4E+10 

7.5E+10 

7.3E+10 

7. OE+IO 

6.6E+10 

115 

9.8E+10 

l.OE+11 

1.1E+11 

1.1E+11 

1.2E+11 

1.1E+11 

1.1E+11 

1.1E+11 

110 

l.SE+11 

1.6E+11 

1.7E+11 

1.8E+11 

1.9E+11 

1.9E+11 

2.0E+11 

2.0E+11 

105 

2 . 1E+11 

2.2E+11 

2 . 5E+11 

2 . 7E+11 

2.8E+11 

3.0E+11 

3.0E+11 

3.0E+11 

100 

2.6E+11 

2.8E+11 

3.1E+11 

3.4E+11 

3.6E+11 

3.7E+11 

3.8E+11 

3.7E+11 

95 

2.3E+11 

2.5E+11 

2.8E+11 

3.1E+11 

3.4E+11 

3.5E+11 

3.5E+11 

3.5E+11 

90 

1.2E+11 

1. 3E+11 

1.4E+11 

1.6E+11 

1.8E+11 

1.9E+11 

1.9E+11 

1.9E+11 

B5 

2.4E+10 

2.7E+.10 

3. OE+IO 

3.6E+10 

4.1E+10 

4.5E+10 

4.6E+10 

4.4E+10 

80 

O.OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

3.1E+10 

2.6E+10 

2.4E+10 

2.5E+10 

75 

O.OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

9.4E+09 

6.8E+09 

5.7E+09 

5.1E+09 

70 

O.OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

6.4E+09 

5.7E+09 

4.7E+09 

4.2E+u9 

65 

O.OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

7.7E+09 

6.5E+09 

6.1E+09 

6.0E+09 

60 

O.OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

7.4E+09 

7.0E+09 

7.0E+09 

7.2E+09 

55 

0; OE+OO 

O.OE+OO 

O.OE+OO 

0 . OE+OO 

6.5E+09 

5.9E+09 

6.1E+09 

6.4E+09 

50 

O.OE+OO 

O.OE+OO 

4.4E+09 

5.4E+09 

4.4E+09 

4.3E+09 

4.4E+09 

4.5E+09 

45 

0 . OE+OO 

O.OE+OO 

9.9E+08 

1.5E+09 

1.6E+09 

1.7E+09 

1.8E+09 

1.9E+09 

40 

O.OE+OO 

O.OE+OO 

2.1E+08 

2 . 6E+08 

3.0E+08 

3.7E+08 

4.4E+08 

5.0E+08 
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Table 1: continued 


July 


Latitude 

-80 

-70 

-60 

-50 

-40 

-30 

-20 

-10 

Alt 

(kn) 








130 

3 . 1E+10 

3.3E+10 

3 . 5E+10 

3.6E+10 

3.7E+10 

3.6E+10 

3.5E+10 

3.3E+10 

125 

4.3E+10 

4.5E+10 

4.8E+10 

5.0E+10 

5.1E+10 

5.0E+10 

4.7E+10 

4.5E+10 

120 

6.2E+10 

6.5E+10 

6.9E+10 

7.2E+10 

7.3E+10 

7 . 1E+10 

6.8E+10 

6.5E+10 

115 

9.7E+10 

1.0E+11 

1.1E+11 

1 . 1E+11 

1 . 1E+11 

1.1E+11 

1.1E+11 

1.1E+11 

110 

1.5E+11 

1.5E+11 

1.7E+11 

1.8E+11 

1 . 9E+11 

1.9E+11 

1.9E+11 

1.9E+11 

105 

2.1E+11 

2.2E+11 

2.4E+11 

2.6E+11 

2.8E+11 

2.9E+11 

3.0E+11 

3.0E+11 

100 

2.6E+11 

2.8E+11 

3.1E+11 

3.3E+11 

3.6E+11 

3.7E+11 

3.7E+U 

3.7E+11 

95 

2.3E+11 

2 . 5E+11 

2.8E+11 

3.1E+11 

3.3E+11 

3 .4E+11 

3.4E+11 

3.4E+11 

90 

1.2E+11 

1.3E+11 

1.5E+11 

1.6E+11 

l.BE+11 

1.9E+11 

1.9E+11 

1.9E+11 

85 

2.5E+10 

2 . 7E+10 

3.1E+10 

3.6E+10 

4.1E+10 

4.4E+10 

4 . 5E+10 

4.3E+10 

80 

0 . OE+OO 

0. OE+OO 

0 . OE+OO 

2.5E+10 

2.5E+10 

2 . 5E+10 

2 . 3E+10 

2.1E+10 

75 

0 . OE+OO 

0. OE+OO 

0. OE+OO 

1.2E+10 

8.8E+09 

6.6E+09 

5 . 5E+09 

4.9E+09 

70 

0. OE+OO 

0. OE+OO 

0. OE+OO 

7.6E+09 

5.8E+09 

5.4E+09 

4.6E+09 

4.4E+09 

65 

0. 0E+00 

0. OE+OO 

0 . OE+OO 

7.9E+09 

7.1E+09 

6.4E+09 

6.1E+09 

6.0E+09 

60 

0. 0E+00 

0. OE+OO 

0 . OE+OO 

0 . OE+OO 

6.9E+09 

6.7E+09 

6.8E+09 

7.1E+09 

55 

0. OE+OO 

0. OE+OO 

0 . OE+OO 

.0 . OE+OO 

6.1E+09 

5.9E+09 

6.1E+09 

6.4E+09 

50 

0. OE+OO 

0. OE+OO 

3.8E+09 

4.8E+09 

4.1E+09 

4.3E+09 

4.4E+09 

4.6E+09 

45 

0. OE+OO 

0. OE+OO 

8.8E+08 

1.4E+09 

1.5E+09 

1.6E+09 

3.9E+08 

2.0E+09 

40 

0. OE+OO 

0. OE+OO 

1.8E+08 

2.6E+08 

2 . 9E+08 

3.6E+08 

3.3E+08 

4.BE+08 


August 


Latitude 

Alt 

-80 

Oca) 

-70 

-60 

-50 

-40 

-30 

-20 

-10 

130 

3.2E+10 

3.4E+10 

3.6E+10 

3.8E+10 

3.9E+10 

3 . 8E+10 

3.7E+10 

3.5E+10 

125 

4.4E+10 

4.6E+10 

5.0E+10 

5.2E+10 

5 . 3E+10 

5.2E+10 

5.0E+10 

4.7E+10 

120 

6.4E+10 

6.7E+10 

7.2E+10 

7.6E+10 

7 . 7E+10 

7 . 5E+10 

7.2E+10 

6.8E+10 

115 

l.OE+11 

l.OE+11 

1.1E+11 

1.2E+11 

1.2E+11 

1.2E+11 

1 . 1E+11 

1.1E+11 

110 

1.5E+11 

1.6E+11 

1.7E+11 

1.8E+11 

' 1 . 9E+11 

2.0E+11 

2.0E+11 

2.0E+11 

105 

2.1E+11 

2. 3E+11 

2.5E+11 

2.7E+11 

2.9E+11 

3.0E+11 

3.0E+11 

3.1E+11 

100 

2.7E+11 

2.9E+11 

3.2E+11 

3.4E+11 

3.6E+11 

3.8E+11 

3.8E+11 

3.8E+11 

95 

2.6E+11 

2.8E+11 

3.0E+11 

3.3E+11 

3.4E+11 

3.5E+11 

3.5E+11 

3.4E+11 

90 

1.4E+11 

1.5E+11 

1.6E+11 

1.8E+11 

1.9E+11 

1.9E+11 

1.9E+11 

1.9E+11 

85 

3 . 1E+10 

3.3E+10 

3.7E+10 

4.1E+10 

4.4E+10 

4.5E+10 

4.5E+10 

4.2E+10 

80 

0. OE+OO 

0. OE+OO 

2.9E+10 

2.8E+10 

2.8E+10 

2.6E+10 

2.4E+10 

2 . 1E+10 

75 

0 . OE+OO 

0. OE+OO 

1.4E+10 

1.1E+10 

9 - 2E+09 

7.6E+09 

6.0E+09 

5 . 3E+09 

70 

0. OE+OO 

0. OE+OO 

3.0E+09 

6.6E+09 

6.3E+09 

5.8E+09* 

5 . OE+09 

4.4E+09 

65 

0. OE+OO 

0. OE+OO 

7.4E+09 

7.4E+09 

7 . 1E+09 

6.3E+09 

6 . OE+09 

6. OE+09 

60 

0. OE+OO 

0. OE+OO 

7.0E+09 

6.8E+09 

6.6E+09 

6.7E+09 

6.7E+09 

7. OE+09 

55 

0. OE+OO 

0. OE+OO 

5.1E+09 

6.0E+09 

5.8E+09 

6 . 0E+09 

6.2E+09 

6 . 5E+09 

50 

0. OE+OO 

1.3E+09 

3.2E+09 

3.7E+09 

4 . 0E+09 

4 . 3E+09 

4.5E+09 

4.7E+09 

45 

0. OE+OO 

3.0E+08 

1.0E+09 

1.3E+09 

1.5E+09 

1.7E+09 

2 . OE+09 

2 . 1E+09 

40 

0. OE+OO 

1.0E+08 

2.5E+08 

2.9E+08 

3 . 2E+08 

3 . 9E+08 

4.7E+08 

5.4E+08 
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Table 1: continued 


September 


Latitude 

-80 

-70 

Alt 

(km) 


130 

3.3E+10 

3 . 5E+10 

125 

4.5E+10 

4.8E+10 

120 

6.6E+10 

7.1E+10 

115 

1.0E+11 

1.1E+11 

110 

1.5E+11 

1.6E+11 

105 

2.2E+11 

2 . 3E+11 

100 

2.9E+11 

3.0E+11 

95 

3.0E+11 

3.1E+11 

90 

1.8E+11 

1.8E+11 

85 

4.3E+10 

4. 5E+10 

80 

2.5E+10 

2.8E+10 

75 

1.4E+10 

1.6E+10 

70 

7 . 8E+09 

8.1E+09 

65 

6.0E+09 

7 . 3E+09 

60 

O.OE+OO 

7 . 0E+09 

55 

0 . 0E+00 

5.8E+09 

50 

1 . 0E+09 

3.1E+09 

45 

2 . 5E+08 

1.0E+09 

40 

1 . 1E+08 

2 . 9E+08 


-60 -50 -40 


3.8E+10 

4.1E+10 

4 . 2E+10 

5.2E+10 

5.6E+10 

5.8E+10 

7.6E+10 

8.1E+10 

8.3E+10 

1.2E+11 

1.3E+11 

1.3E+11 

1.8E+11 

1.9E+11 

2.0E+11 

2.5E+11 

2 . 8E+11 

3.0E+11 

3.3E+11 

3 . 6E+11 

3.8E+11 

3.3E+11 

3.5E+11 

3.7E+11 

1.9E+11 

2.0E+11 

2.1E+11 

4.7E+10 

4.9E+10 

4 . 9E+10 

3.1E+10 

3.3E+10 

3.2E+10 

1.4E+10 

1.2E+10 

9.4E+09 

7.2E+09 

6 . 7E+09 

6 , 3E+09 

7. 3E+09 

7.3E+09 

6 . 9E+09 

6 . 8E+09 

6.7E+09 

6.6E+09 

5 . 8E+09 

5.8E+09 

5.8E+09 

3.7E+09 

4.0E+09 

4.3E+09 

1 .4E+09 

1.6E+09 

1.8E+09 

3.7E+08 

3.7E+08 

4 . 0E+08 


-30 -20 -10 


4.2E+10 

4.0E+10 

3.9E+10 

5.7E+10 

5.5E+10 

5.3E+10 

8.2E+10 

7.9E+10 

7.5E+10 

1.3E+11 

1.3E+11 

1 .2E+11 

2.1E+11 

2.2E+11 

2.2E+11 

3.2E+11 

3.3E+11 

3.3E+11 

4.0E+11 

4. 1E+11 

4.0E+11 

3.7E+11 

3.7E+11 

3.6E+11 

2.0E+11 

2.0E+11 

2.0E+11 

4.8E+10 

4.6E+10 

4 . 3E+10 

2 . 9E+10 

2.5E+10 

2.2E+10 

7.3E+09 

6.2E+09 

5. 5E+09 

5.8E+09 

5.2E+09 

4.4E+09 

6.1E+09 

5.7E+09 

5 . 6E+09 

6 . 5E+09 

6.5E+09 

6 . 7E+09 

6.0E+09 

6 . 1E+09 

6 . 4E+09 

4.5E+09 

4 . 5E+09 

4.6E+09 

2 . 0E+09 

2 . 1E+09 

2 . 2E+09 

4.7E+08 

5.4E+08 

6.0E+08 


October 


Latitude 

-80 

-70 

Alt 

(km) 


130 

3.2E+10 

3.4E+10 

125 

4 . 4E+10 

4 . 8E+10 

120 

6.6E+10 

7 . 1E+10 

115 

1.0E+11 

1.1E+X1 

110 

1.5E+U 

1.6E+11 

105 

2.1E+11 

2.3E+11 

100 

2.9E+11 

3.0E+11 

95 

3.2E+11 

3.3E+11 

90 

2.2E+11 

2.2E+11 

85 

6.3E+10 

6.2E+10 

80 

1.8E+10 

2.4E+10 

75 

9.1E+09 

8.9E+09 

70 

B.0E+09 

7 . 7E+09 

65 

7 . 0E+09 

6. 9 £+09 

60 

6.8E+09 

6.7E+09 

55 

5.1E+09 

5.6E+09 

50 

2.7E+09 

3.6E+09 

45 

9.9E+08 

1.4E+09 

40 

3.1E+08 

4.1E+08 


-60 -50 -40 


3.8E+10 

4.2E+10 

4.4E+10 

5 . 3E+10 

5.7E+10 

6.0E+10 

7.8E+10 

8 . 4E+10 

8.7E+10 

1.2E+11 

1.3E+11 

1.4E+11 

1.8E+11 

2.0E+11 

-2.1E+U 

2 . 5E+11 

2.8E+11 

3.1E+11 

3.3E+11 

3.6E+11 

4.0E+11 

3.4E+11 

3.7E+11 

3.9E+11 

2.2E+11 

2.2E+11 

2.3E+11 

6.0E+10 

5.9E+10 

5.7E+10 

2.8E+10 

2.9E+10 

2.BE+10 

9.0E+09 

8.8E+09 

7.6E+09 

7.7E+09 

7.1E+09 

6.4E+09. 

7 . 0E+09 

6.8E+09 

6.4E+09 

6.6E+09 

6 . 6E+09 

6 . 5E+09 

6.2E+09 

5 . 8E+09 

5.9E+09 

4.0E+09 

4.3E+09 

4.5E+09 

1.6E+09 

1.9E+09 

2 . 1E+09 

4 . 3E+08 

4 . 6E+08 

5 . 1E+08 


-30 -20 -10 


4.4E+10 

4.3E+10 

4 . 2E+10 

6.0E+10 

5.8E+10 

5.7E+10 

8.7E+10 

8.4E+10 

8 . 2E+10 

1.4E+11 

1.4E+U 

1.3E-«11 

2.2E+11 

2.3E+11 

2.4E+11 

3.3E+11 

3.5E+11 

3.6E4 M 

4.2E+11 

4 . 3E+11 

4.3E+11 

4.0E+11 

4.0E+11 

3 . 9E+11 

2.2E+11 

2 . 1E+11 

2 . 1E+11 

5.3E+10 

4.9E+10 

4. 5E+10 

2.5E+10 

2.3E+10 

2 . 4E+10 

6 . 6E+09 

6.2E+09 

6 . 5E-*09 

5.6E+09 

5 . 3E+09 

4 . 7E+09 

6.0E+09 

5 . 7E+09 

5 . 3E+09 

6 . 5E+09 

6.4E+09 

6.5E+09 

6.0E+09 

6 . 1E+09 

6 . 3E+09 

4 . 6E+09 

4.6E+09 

4.7E+09 

2.2E+09 

2 . 2E+09 

2 . 3E+09 

5. 5E+08 

6.0E+08 

6 . 3E+08 
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Table 1: continued 


Latitude 

-80 

-70 

Alt 

(km) 


130 

2.9E+10 

3.1E+10 

125 

4.1E+10 

4.4E+10 

120 

6.1E+10 

6.7E+10 

115 

9.9E+10 

1 . 1E+11 

110 

l.AE+11 

1 . 5E+11 

105 

1.9E+11 

2 . 1E+11 

100 

2.7E+11 

2.9E+11 

95 

3.2E+11 

3 . 2E+11 

90 

2.5E+11 

2.3E+11 

85 

8.4E+10 

7.7E+10 

80 

6. 1E+09 

7.4E+09 

75 

5.7E+09 

5.5E+09 

70 

6.7E+09 

6 . 5E+09 

65 

6.7E+09 

6 . 6E+09 

60 

6 . 6E+09 

6 . 6E+09 

55 

5.0E+09 

5.3E+09 

50 

2 . 9E+09 

3. AE+09 

A5 

1. 1E+09 

1. AE+09 

AO 

3.2E+08 

A.0E+08 


. tude 

-80 

-70 

Alt 

(km) 


130 

2 . 6E+10 

2 . 8E+10 

125 

3.7E+10 

A.0E+10 

120 

5 . 6E+10 

6.1E+10 

115 

9.2E+10 

1 .OE+11 

110 

1.3E+11 

l.AE+11 

105 

1 . 8E+11 

2 OE+11 

100 

2 . 5E+11 

2 . 7E+11 

95 

3.1E+11 

3 . 1E+11 

90 

2.5E+11 

2.AE+11 

85 

9 . 7E+10 

B.5E+10 

80 

4.6E+09 

5. 1E+09 

75 

5.0E+09 

A . 6 £+09 

70 

6.6E+09 

6.3E+09 

65 

7 . 1E+09 

7 . 1E+09 

60 

6.6E+09 

6.9E+09 

55 

4.8E+09 

5.2E+09 

50 

2.9E+09 

3.3E+09 

A5 

1.2E+09 

1. AE+09 

AO 

3.3E+08 

A.OE+08 


November 

-60 -50 -AO 


3.5E+I0 

3.9E+10 

A.1E+10 

A.9E+10 

5.AE+10 

5.7E+10 

7.AE+10 

8 . 1E+10 

8 . 5E+10 

1.2E+11 

1.3E+11 

l.AE+11 

1.7E+11 

1.9E+11 

2.1E+11 

2.AE+11 

2.7E+11 

3. OE+11 

3.1E+11 

3.5E+11 

A. OE+11 

3.AE+11 

3.7E+11 

A. OE+11 

2.3E+11 

2.AE+11 

2.AE+11 

7.1E+10 

6.8E+10 

6.AE+10 

9.8E+09 

1.2E+10 

1.6E+10 

5.9E+09 

5.5E+09 

5.9E+09 

6. AE+09 

6.2E+09 

5. 8E+09 

6.5E+09 

6.3E+09 

6.0E+09 

6.6E+09 

7.2E+09 

6.6E+09 

5. 7E+09 

5.9E+09 

6.2E+09 

3.8E+09 

A . 1E+09 

A. AE+09 

1. 7E+09 

2 . 0E+09 

2.2E+09 

A . 6E+08 

5 . AE+08 

6. 1E+08 


December 


-60 -50 -AO 


3.2E+10 

3 . 6E+10 

3. 8E+10 

A.5E+10 

5.0E+10 

5 . 3E+10 

6 . 9E+10 

7 . 6E+10 

8.0E+10 

1.1E+11 

1.3E+11 

1.3E+11 

1.6E+11 

1.9E+11 

2. OE+11 

2 . 3E+11 

2.6E+11 

2.9E+11 

3. OE+11 

3.AE+11 

3.8E+11 

3.2E+11 

3.6E+11 

3.9E+11 

2 , 3E+11 

2.AE+11 

2.5E+11 

7 . 6E+10 

7.2E+10 

6.8E+10 

5.7E+09 

7.8E+09 

1.1E+10 

A.8E+09 

A.6E+09 

A.6E+09 

5.9E+09 

5.5E+09 

5.3E+09 

6 . 8E+09 

6.5E+09 

6 . 1E+09 

7 . 0E+09 

7.0E+09 

6 , 9E+09 

5.6E+09 

6 . OE+09 

6.2E+09 

3.7E+09 

A.0E+09 

A.3E+09 

1.7E+09 

1.9E+09 

2 . 1E+09 

A.8E+08 

5. 5E+08 

6.1E+08 


-30 -20 -10 


4.2E+10 

A.2E+10 

4.1E+10 

5.8E+10 

5.7E+10 

5.7E+10 

8.6E+10 

8.4E+10 

8.2E+10 

l.AE+11 

l.AE+11 

1.3E+11 

2.2E+11 

2.3E+11 

2.AE+11 

3.3E+11 

3.5E+11 

3.6E+11 

A.3E+11 

A . 5E+11 

A.5E+11 

A.2E+11 

4.2E+11 

4.1E+11 

2.AE+11 

2.3E+U 

2.2E+11 

5.8E+10 

5.3E+10 

A.8E+10 

1.8E+10 

2.0E+10 

2.AE+10 

5 . 8E+09 

6. 0E+09 

6. AE+09 

5 . AE+09 

A.7E+09 

A.7E+09 

5.8E+09 

5 . 6E+09 

5. AE+09 

6.7E+09 

6.6E+09 

6.9E+09 

6.2E+09 

6.2E+09 

6. AE+09 

A.6E+09 

A.6E+09 

A.6E+09 

2.3E+09 

2 . 3E+09 

2. 3E+09 

6. AE+08 

6.5E+08 

6.5E+08 


-30 -20 -10 


3.9E+10 

3.9E+10 

3.9E+10 

5.AE+10 

5.3E+10 

5.3E+10 

8.0E+10 

7.9E+10 

7.8E+10 

1.3E+11 

1.3E+11 

1.3E+11 

2.1E+11 

2.2E+11 

2.3E+11 

3.2E+11 

3.4E+11 

3.5E+11 

A.2E+11 

A.AE+11 

A.AE+11 

A.2E+11 

A.2E+11 

4.1E+11 

2.AE+11 

2.3E+11 

2.3E+11 

6.1E+10 

5.AE+10 

A.8E+10 

l.AE+10 

1.8E+10 

2.2E+10 

A . 6E+09 

5 . 3E+09 

5.7E+09 

2. AE+09 

A.5E+09 

A.8E+09 

6 . 0E+09 

6.1E+09 

6.1E+09 

7.2E+09 

7. AE+09 

7.5E+09 

6. AE+09 

6.5E+09 

6.8E+09 

A . 5E+09 

A.7E+09 

A.8E+09 

2.2E+09 

2.3E+09 

2.3E+09 

6. AE+08 

6. AE+08 

6.3E+08 
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Table 2: Zonally averaged Atonic Oxygen Concentrations (cn 3 ) In the Northern Henlaphere 

[Concentrations shown as O.OE+OO have not been calculated as either the ozone 
concentrations are unknown or the atmosphere is in darkness J. 


Latitude 0 10 

Alt (km) 

130 3.2E+10 3 . 1E+10 

125 4.3E+10 4.3E+10 

120 6 . 3E+10 6.2E+10 

115 1 . 0E+11 1 . 0E+11 

110 1.9E+11 1.9E+U 

105 2.9E+11 2 . 9E+11 

100 3 . 6E+11 3.6E+11 

95 3.3E+U 3 . 3E+11 

90 1.9E+U l.BE+11 
85 3.9E+10 3.9E+10 

80 3 . 8E+10 2.3E+10 

75 5.2E+09 5.7E+09 

70 4.7E+09 4.5E+09 

65 6.0E+09 5.8E+09 

60 7.2E+09 6.9E+09 

55 6.7E+09 6.5E+09 

50 4 . 8E+09 4.7E+09 4.4E+09 4.1E+09 

45 2.3E+09 2.1E+09 2.0E+09 1.7E+09 

40 6.2E+08 5.6E+08 4.9E+08 4.0E+08 


40 50 60 70 80 

3.0E+10 2.9E+10 2.7E+10 2.6E+10 2.4E+10 

4.2E+10 4.1E+10 3.9E+10 3.6E+10 3.4E+10 

6 !4E+10 6.2E+10 5.9E+10 5.5E+10 5.2E+10 

1.1E+11 1.0E+11 9.7E+10 9.0E+10 8.5E+10 

1.6E+11 1.5E+11 1.4E+11 1.3E+11 1.2E+11 

2 ! 3E+11 2.1E+11 1.9E+11 1.7E+11 1.6E+11 

3.1E+11 2.8E+11 2.5E+11 2.4E+11 2.3E+11 

3 2E+11 3.0E+11 2.BE+11 2.7E+11 2.8E+11 

2.0E+11 2.0E+11 2.0E+11 2.1E+11 2.3E+11 

5 5E+10 6.0E+10 6.5E+10 7.4E+10 8.6E+10 

2.4E+10 2.9E+10 2.5E+10 O.OE+OO O.OE+OO 

1 ! 3E+10 1.5E+10 1.4E+10 0.0E+00 0.0E+00 

6.3E+09 9.4E+09 1.2E+10 O.OE+OO O.OE+OO 

7 6E+09 7.6E+09 4.9E+09 0.0E+00 0.0E+00 

6.0E+09 7.2E+09 6.4E+09 O.OE+OO O.OE+OO 

5 5E+09 5.4E+09 O.OE+OO O.OE+OO 0.0E+00 

3.7E+09 2.BE+09 1.9E+09 O.OE+OO 0.0E+00 

1 3E+09 8.9E+08 4.5E+08 O.OE+OO O.OE+OO 

2.9E+08 2.0E+08 1.1E+08 O.OE+OO O.OE+OO 


January 
20 30 


3 . 1E+10 
4.3E+10 
6.3E+10 
1.0E+11 
l.BE+11 
2.7E+11 
3.5E+11 
3 .4E+11 
1.9E+11 
4.4E+10 
2.4E+10 
7.1E+09 
4.7E+09 
5.8E+09 
6.6E+09 

t o r L no 


3.1E+10 
4.3E+10 
6.4E+10 
1.1E+11 
1.7E+11 
2.5E+11 
3.4E+11 
3.4E+11 
2.0E+11 
4.9E+10 
2 . 4E+10 
9.7E+09 
5.4E+09 
6 . 0E+09 
6.4E+09 

c. ot*i.no 


February 


Latitude 0 

Alt (km) 


130 

3.4E+10 

125 

4.6E+10 

120 

6.6E+10 

115 

1.1E+11 

110 

2.0E+11 

105 

3.0E+11 

100 

3.7E+11 

95 

3.4E+11 

90 

1.9E+11 

85 

3.9E+10 

80 

2.3E+10 

75 

5.7E+09 

70 

4 . 5E+09 

65 

5.9E+09 

60 

6. 8 £+09 

55 

6.5E+09 

50 

4.8E+09 

45 

2.4E+09 

40 

6.7E+08 


10 20 

3.3E+10 3.3E+10 

4.5E+10 4.5E+10 

6.6E+10 6.6E+10 

1.1E+11 1.1E+11 

1.9E+11 1.9E+11 

3.0E+11 .2.8E+11 
3.6E+11 3.6E+11 

3.4E+11 3.4E+11 

1.8E+11 1.9E+11 
3.9E+10 4.3E+10 

2.4E+10 2.8E+10 

6.0E+09 7.3E+09 

4.6E+09 5.0E+09 

5.5E+09 5.5E+09 

6.6E+09 6.2E+09 

6.5E+09 6.1E+09 

4.7E+09 4.5E+09 

2.2E+09 2.1E+09 

6.2E+08 5.5E+08 


30 40 

3.3E+10 3.3E+10 

4.6E+10 4.5E+10 

6.7E+10 6.7E+10 

1.1E+11 1.1E+11 
l.BE+11 1.7E+11 
2.6E+11 2.4E+11 
3.5E+11 3.2E+11 

3.4E+11 3.2E+11 

1.9E+11 2.0E+11 
4.7E+10 5.2E+10 

2.8E+10 2.7E+10 
9.5E+09 1.4E+10 

5.5E+09 6.2E+09 
5.7E+09 6.1E+09 

6.0E+09 5.7E+09 

5.8E+09 5.6E+09 

4.3E+09 4.1E+09 

1.9E+09 1.6E+09 

4.6E+08 3.7E+08 


50 60 

3.1E+10 3.0E+10 

4.4E+10 4.1E+10 

6.5E+10 6.2E+10 

1.1E+11 1.0E+11 

1.6E+11 1.5E+11 

2.2E+11 2.0E+11 
2.9E+11 2.7E+11 
3.0E+11 2.9E+11 
2.0E+11 2.0E+11 
5.5E+10 5.9E+10 

2.6E+10 2.4E+10 

1.8E+10 1.8E+10 

7.8E+09 1.1E+10 
7.6E+09 8.2E+09 

5.8E+09 6.2E+09 

5.4E+09 5.2E+09 

3.7E+09 2.BE+09 

1.2E+09 7.6E+08 

2.7E+08 1.6E+08 


70 BO 

2.8E+10 2 . 7 E-» j 0 

3.9E+10 3.7E+10 

5.8E+10 5.6E+10 

9.4E+10 9.0E+10 

1.3E+11 1 . 3E+11 
1.9E+11 l.BE+11 
2.5E+11 2.5E+11 
2.9E+11 2.9E+11 
2.0E+11 2.2E+11 
6.5E+10 7.1E+10 

1.7E+10 O.OE+OO 
1.5E+10 O.OE+OO 
1.2E+10 O.OE+OO 
6.5E+09 O.OE+OO 
5.6E+09 O.OE+OO 
2.7E+09 O.OE+OO 
7.6E+08 O.OE+OO 
1.9E+08 O.OE+OO 
7.2E+07 O.OE+OO 
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Table 2: continued 


March 


Latitude 0 10 20 30 

Alt (km) 

130 3.8E+10 3.9E+10 3 . 9E+10 4.0E+10 

125 5.2E+10 5.2E+10 5 . 3E+10 5.4E+10 

120 7.4E+10 7.5E+10 7.6E+10 7.8E+10 

115 1.2E+11 1.2E+11 1.2E+11 1.2E+11 

110 2.2E+11 2 . 2E+11 2 . 1E+11 2.0E+U 

105 3.3E+11 3.3E+11 3.2E+11 3.0E+11 

100 4.0E+11 4.0E+11 3.9E+11 3.8E+11 

95 3.6E+11 3.6E+11 3.6E+11 3.6E+11 

90 2.0E+11 1 . 9E+11 1.9E+11 2.0E+11 

85 4.0E+10 4.2E+10 4.5E+10 4.6E+10 

80 2.0E+10 2 . 2E+10 2.6E+10 2.9E+10 

75 5 . 4E+09 5.9E+09 6.7E+09 8.6E+09 

70 4.5E+09 4 . 5E+09 5.1E+09 5.8E+09 

65 5.8E+09 5.6E+09 5.7E+09 5.8E+09 

60 6 . 8E+09 6 . 6E+09 6.2E+09 6.1E+09 

55 6.5E+09 6.4E+09 6.2E+09 6.0E+09 

50 4.8E+09 4.7E+09 4 . 6E+09 4.5E+09 

45 2 . 3E+09 2.3E+09 2.2E+09 2.1E+09 

40 6.8E+08 6.5E+08 6.0E+08 5.3E+08 


40 50 60 70 80 

3.9E+10 3.8E+10 3.7E+10 3.5E+10 3.5E+10 

5.4E+10 5.3E+10 5.1E+10 4.9E+10 4.7E+10 
7.8E+10 7.7E+10 7.4E+10 7 . 1E+10 6.9E+10 
1 . 2E+11 1.2E+11 1.2E+11 1 . 1E+11 1.1E+11 

1.9E+11 l.BE+11 1.7E+11 1.6E+11 1.6E+11 

2.8E+11 2.6E+11 2.5E+11 2.3E+11 2.3E+11 

3.6E+11 3.4E+11 3.2E+11 3.1E+11 3.0E+11 

3.5E+11 3.3E+11 3.2E+11 3.1E+11 S^lE+ll 

2.0E+11 1.9E+11 1.9E+11 1.9E+11 1.8E+11 

4.7E+10 4.7E+10 4.7E+10 4.6E+10 4.6E+10 

3.2E+10 3.1E+10 2.8E+10 2 . 3E+10 1 . 8E+10 

1.2E+10 1 . 7E+10 2.1E+10 1 . 9E+10 1.4E+10' 

6.0E+09 7 . 2E+09 9.4E+09 1.2E+10 1.1E+10 

6.2E+09 6.6E+09 7.0E+09 7.4E+09 6.7E+09 

6.1E+09 6.1E+09 5.9E+09 5.9E+09 4.2E+09 

5.8E+09 5.7E+09 5 . 5E+09 5.3E+09 2.2E+09 

4.4E+09 4.2E+09 3.9E+09 3 . 0E+09 7.0E+08 

2.0E+09 1.7E+09 1.3E+09 8.1E+08 1.9E+08 

4.8E+08 4.0E+08 1.4E+08 1.7E+08 7.4E+07 


April 


Latitude 0 

Alt (km) 

10 

20 

30 

40 

50 

60 

70 

130 

3.8E+10 

3. 8E+10 

3. 8E+10 

3. 8E+10 

3.7E+10 

3.6E+10 

3 . 4E+10 

3 . 2E+10 

125 

5.2E+10 

5.1E+10 

5.2E+10 

5 . 2E+10 

5.2E+10 

5.0E+10 

4.7E+10 

4. 5E+10 

120 

7.4E+10 

7.4E+10 

7. 5E+10 

7.6E+10 

7.6E+10 

7 . 4E+10 

7.0E+10 

6 , 6E+10 

115 

1.2E+11 

1.2E+11 

1.2E+11 

1.2E+11 

1.2E+11 

1.2E+11 

1.1E+11 

1 . 1E+11 

110 

2.2E+11 

2.1E+11 

2.0E+11 

1.9E+11 

l.BE+11 

1.7E+11 

1.6E+11 

1 . 5E+11 

105 

3.3E+11 

3.2E+11 

3.1E+11 

2 . 9E+11 

2.7E+11 

2.5E+11 

2.3E+11 

2 . 1E+11 

100 

3 . 9E+11 

3 . 9E+11 

3.9E+11 

3.7E+11 

3.5E+11 

3.2E+11 

3.0E+11 

2 , 8E+11 

95 

3.6E+1I 

3. 5E+11 

3.6E+11 

3.5E+11 

3 . 4E+11 

3 . 2E+11 

3 . 1E+1 1 

3 . 0E+11 

90 

1.9E+11 

1 . 9E+11 

1.9E+11 

2.0E+11 

2 . 0E+11 

2.0E+11 

2.0E+11 

2 . 0E+11 

85 

3.9E+10 

4 . 1E+10- 

4 .4E+10 

4. 7E+10 

5.0E+10 

5. 3E+10 

5.5E+10 

5 . 8 E+ 1 0 

80 

2. 5E+10 

2 . 5E+10 

2 . 6E+10 

3.0E+10 

3.1E+10 

2.9E+10 

2.8E+10 

2 . 5E+10 

75 

5 . 5E+09 

5.4E+09 

6.0E+09 

7 . 5E+09 

9.2E+09 

1.0E+10 

1.2E+10 

1 . 3E+10 

70 

4 . 4E+09 

4.7E+09 

5 . +E+09 

5. 9E+09 

6 . 2E+09 

6 . 6E+09 

0 . 9E+09 

7 . 8E+09 

65 

5.7E+09 

5.6E+09 

5. 9E+09 

6.0E+09 

6 . 2E+09 

6.4E+09 

1.8E+10 

6 . 7E+09 

60 

6.7E+09 

6 . 6E+09 

6 . 4E+09 

6.4E+09 

6.5E+09 

6.5E+09 

6.4E+09 

6 . 2E+09 

55 

6.5E+09 

6.4E+09 

6.1E+09 

6.1E+09 

6.1E+09 

6.0E+09 

5.8E+09 

5 . 6E+09 

50 

4.0E+09 

4.7E+09 

4.3E+09 

1 . 7E+12 

4.6E+09 

4 . 3E+09 

4.1E+09 

3 . 7E+09 

45 

2.2E+09 

2. 3E+09 

2.2E+09 

2.2E+09 

2 . 2E+09 

2.0E+09 

5.1E+09 

1.2E+09 

40 

6 . 4E+08 

6.5E+08 

6 . 2E+08 

5. 9E+08 

5.8E+08 

5.2E+08 

4.6E+08 

2.8E+08 


80 

3.1E+10 
4 . 3 £+10 
6 . 4E+10 
1.0E+11 
1 .4E+11 
2.0E+11 
2.8E+11 
3 . 1E+11 
2. 1E+11 
6. 1E+10 
1 .8E+10 
1.2E+10 
8.7E+09 
1.9E+10 
6.0E+09 
5.4E+09 
2.8E+09 
2 . 4E+09 
1.8E+08 
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Table 2: continued 

May 

Latitude 0 10 20 30 40 50 60 70 80 

Alt (km) 

130 3.6E+10 3.5E+10 3.5E+10 3.5E+10 3.4E+10 3.3E+10 3.1E+10 2.9E+10 2.8E+10 

125 4.8E+10 4 . 8E+10 4 . 8E+10 4.8E+10 4.8E+10 4.6E+10 4.3E+10 4.1E+10 3.9E+10 

120 7.0E+10 6 . 9E+10 7.0E+10 7.1E+10 7.1E+10 6.9E+10 6.5E+10 6.1E+10 5 . BE+10 

115 1.1E+11 1.1E+11 1.1E+11 1.2E+U 1.2E+11 1.1E+11 1.1E+11 9.8E+10 9.3E+10 

110 2.1E+11 2.0E+11 1.9E+11 1.8E+11 1.8E+11 1.6E+11 1.5E+11 1.4E+11 1.3E+11 

105 3.2E+11 3.1E+11 2.9E+11 2.7E+11 2.5E+11 2.3E+11 2.1E+11 1.9E+11 1.8E+11 

100 3.8E+11 3.8E+11 3.8E+11 3.6E+11 3.3E+11 3.0E+11 2.7E+11 2.6E+11 2.5E+11 

95 3.5E+11 3.5E+11 3.5E+U 3.5E+11 3.4E+11 3 . 1E+11 2.9E+11 2.9E+11 3.0E+11 

90 1.9E+11 1.9E+11 1.9E+11 2.0E+11 2.0E+11 2.0E+11 2.0E+11 2.1E+11 2.3E+11 

85 4.0E+10 4.0E+10 4 . 5E+10 4.9E+10 5.4E+10 5.8E+10 6 . 3E+10 7.0E+10 7.9E+10 

80 3.3E+10 3.0E+10 2.7E+10 2.3E+10 1.9E+10 1.6E+10 1.2E+10 9.9E+09 7.4E+09 

75 5.8E+09 5.7E+09 5.7E+09 6.2E+09 5.8E+09 5.9E+09 5.4E+09 5.1E+09 5.3E+09 

70 4 . 5E+09 4 . 7E+Q9 5.2E+09 5.2E+09 5.5E+09 5.8E+09 6.0E+09 6.4E+09 6.9E+09 

65 5.7E+09 6.0E+09 6.2E+09 6.1E+09 6.1E+09 6.4E+09 6 . 8E+09 6 . 8E+09 6.7E+09 

60 6.9E+09 6.9E+09 6.8E+09 6.7E+09 6.5E+09 6.7E+09 6.7E+09 6.6E+09 6 . 5E+09 

55 6.5E+09 6.3E+09 6.2E+09 6.2E+09 6.2E+09 6.1E+09 5.9E+09 5.6E+09 5.2E+09 

50 4.6E+09 4 . 6E+09 4.7E+09 4.7E+09 4.5E+09 4.3E+09 4.0E+09 3.6E+09 3.1E+09 

45 2.1E+09 2.2E+09 2.2E+09 2.2E+09 2.2E+09 2.0E+09 1.8E+09 1.3E+09 1.1E+09 

40 5 . 9E+08 6.2E+08 6.1E+08 6.0E+08 6 . 0E+08 5.5E+08 4.7E+08 3.7E+08 2.7E+08 


June 

Latitude 0 10 20 30 40 50 60 70 80 

Alt (km) 

130 3 . 3E+10 3.2E+10 3 . 2E+10 3.2E+10 3.1E+10 3.0E+10 2.8E+10 2.6E+10 2.5E+10 

125 4.4E+10 4.4E+10 4.4E+10 4.4E+10 4.4E+10 4.2E+L0 4.0E+10 3.7E+10 3.5E+10 

120 6.4E+10 6.4E+10 6.5E+10 6.6E+10 6.6E+10 6.4E+10 6.0E+10 5.6E+10 5 . 3E+10 

115 1 . 1E+11 1.1E+11 1.1E+11 1.1E+11 1.1E+11 1.1E+11 9.9E+10 9.2E+10 8.7E+10 

110 2.0E+11 1.9E+11 1.8E+11 1.7E+11 1.7E+11 1.6E+11 1.4E+11 1.3E+11 1.2E+11 

105 3.0E+11 2.9E+11 2.8E+11 2.6E+11 2.4E+11 2.2E+11 2.0E+11 1.8E+11 1.7E+11 

100 3.7E+11 3.6E+11 3.6E+11 3.4E+11 3.2E+11 2.9E+11 2.6E+11 2.4E+11 2.3E+11 

95 3.4E+11 3 „ 4E+11 3.4E+11 3.4E+11 3.3E+11 3.0E+11 2.BE+11 2.8E+11 2.9E+11 

90 1.9E+11 1.9E+11 1.9E+11 2.0E+11 2.1E+11 2.0E+11 2.0E+11 2.1E+11 2.4E+11 

85 4.0E+10 4.0E+10 • 4. 5E+10 5.1E+10 5.7E+10 6.1E+10 6.6E+10 7 . 6E+10 8.9E+10 

80 2.5E+10 2.3E+10 2.0E+10 1.7E+10 1.3E+10 1.2E+11 6.2E+09 4.8E+09 4.4E+09 

75 5.1E+09 5.0E+09 5.1E+09 5.1E+09 4.9E+09 5.2E+10 4.5E+09 4.3E+09 4.9E+10 

70 4 . 2E+C9 4.4E+09 4.5E+09 4.9E+09 4.9E+09 5.1E+09 5.5E+09 5.9E+09 6.2E+09 

65 6 . 0E+09 6.2E+09 6.4E+09 6.1E+09 6.2E+09 6.7E+09 7.2E+09 7 . 3E+09 7.2E+09 

60 7 . 3E+09 7.4E+09 7.4E+09 7.1E+09 7.0E+09 7.2E+09 7.2E+09 6.9E+09 6.5E+09 

55 6.5E+09 6.4E+09 6 . 3E+09 6.2E+09 6.1E+09 6.0E+09 5.6E+09 5 . 3E+09 4.8E+09 

50 4.6E+09 4.7E+09 4.7E+09 4.6E+09 4.3E+09 4.1E+09 3.7E+09 3.3E+09 2 . 9E+09 

45 2.1E+09 2 . 1E+09 2.2E+09 2.2E+09 2.1E+09 1.9E+09 1.7E+09 1.4E+09 1.1E+09 

40 5.5E+08 5.8E+08 5.8E+08 5.8E+08 5.6E+08 5.2E+08 4.6E+08 3.8E+08 3.0E+08 
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Table 2: continued 


July 


Latitude 0 

Alt (ka) 

10 

20 

30 

40 

50 

60 

70 

80 

130 

3.2E+10 

3 . 1E+10 

3 , 1E+10 

3.1E+10 

3. 0E+10 

2.9E+10 

2 . 7E+10 

2 . 6E+10 

2.4E+10 

125 

4.3E+10 

4.3E+10 

4.3E+10 

4 . 3E+10 

4.2E+10 

4.1E+10 

3.9E+10 

3.6E+10 

3.4E+10 

120 

6.3E+10 

6.2E+10 

6.3E+10 

6.4E+10 

6.4E+10 

6.2E+10 

5.9E+10 

5.5E+10 

5.2E+10 

115 

1.0E+11 

1.0E+11 

1.0E+11 

1.1E+11 

1.1E+11 

1.0E+11 

9.7E+10 

9. 0E+10 

8.5E+10 

110 

1.9E+11 

1.9E+11 

1.8E+11 

1.7E+11 

1.6E+11 

1.5E+11 

1.4E+11 

1.3E+11 

1.2E+11 

105 

2.9E+11 

2.9E+11 

2.7E+11 

2.5E+11 

2.3E+11 

2.1E+11 

1.9E+11 

1 . 7E+11 

1.6E+11 

100 

3.6E+11 

3.6E+11 

3.5E+U 

3.4E+11 

3 . 1E+11 

2 . 8E+11 

2.5E+11 

2.4E+11 

2.3E+11 

95 

3.3E+U 

3.3E+11 

3.4E+11 

3.4E+11 

3.2E+11 

3.0E+11 

2.8E+11 

2.7E+11 

2.8E+11 

90 

1.9E+11 

1.8E+11 

1.9E+11 

2.0E+11 

2.0E+11 

2.0E+11 

2.0E+11 

2 . 1E+11 

2.3E+11 

85 

3.9E+10 

3 . 9E+10 

4.4E+10 

4 . 9E+10 

5.5E+10 

6. 0E+10 

6.5E+10 

7.4E+10 

B.6E+10 

80 

2.0E+10 

2 . OE+10 

1.8E+10 

1 . 7E+10 

1.3E+10 

8. 9 E+09 

5.6E+09 

4 . 6 E+09 

4 . 3E+09 

75 

5 . 2 E+09 

5. 3 E+09 

5 . 3E+09 

5.1E+09 

4.8E+09 

4. 8 E+09 

4 .2E+09 

4.1E+09 

4 . 7E+09 

70 

4 .4E+09 

4 . 3 E+09 

4 . 1E+09 

4. 3 E+09 

4 . 9E+09 

5 . 2 E+09 

5 . 3E+09 

5.8E+09 

6 . 2E+09 

65 

6 . 1E+09 

6 . 3E+09 

6 . 3E+09 

6 . 2 E+09 

6.3E+09 

6 . 6E+09 

7 . 1E+09 

7 . 5E+09 

7 . 4 E+09 

60 

7 . 3E+09 

7 . 5E+09 

7 . 5E+09 

7.3E+09 

7 . 1E+09 

7 . 2E+09 

7.2E+09 

7.1E+09 

6.6E+09 

55 

6.6E+09 

6 . 6E+09 

6 . 4E+Q9 

6.3E+09 

6.0E+09 

5. 9 E+09 

5.6E+09 

5.2E+09 

4.7E+09 

50 

4.7E+09 

4. 7 E+09 

4.7E+09 

4 . 6E+09 

4.4E+09 

4 . OE+09 

3.6E+09 

3.3E+09 

2. 9 E+09 

45 

2.1E+09 

2.2E+09 

2.2E+09 

2.1E+09 

2.0E+09 

1.8 E+09 

1 . 6E+09 

1.4E+09 

1.1E+09 

40 

5.5E+08 

5.7E+08 

5.7E+08 

5.5E+08 

5.3E+08 

4 . 9E+08 

4.3E+08 

3.6E+08 

2.9E+08 


Latitude 0 

10 

20 

Augus t 
30 40 

50 

60 

70 

80 

Alt (k a) 
130 3.4E+10 

3.3E+10 

3.3E+10 

3 . 3E+10 

3.3E+10 

3.1E+10 

3. 0E+10 

2.8E+10 

2.7E+10 

125 

4.6E+10 

4 . 5E+10 

4.5E+10 

4 . 6E+10 

4.5E+10 

4.4E+10 

4 . 1E+10 

3.9E+10 

3.7E+10 

120 

6.6E+10 

6 . 6E+10 

6 . 6E+10 

6 . 7E+10 

6.7E+10 

6.5E+10 

6.2E+10 

5.8E+10 

5.6E+10 

115 

1.1E+11 

1 . 1E+11 

1.1E+11 

1.1E+11 

1.1E+11 

1.1E+11 

1.0E+11 

9.4E+10 

9. 0E+10 

110 

2.0E+11 

1.9E+11 

1.9E+11 

1.8E+11 

1.7E+11 

1.6E+11 

1.5E+11 

1.3E+11 

1. 3E+11 

105 

3.0E+11 

3.0E+11 

2 . 8E+11 

2.6E+11 

2.4E+11 

2.2E+11 

2.0E+11 

1.9E+11 

1.8E+11 

100 

3.7E+11 

3 . 6E+11 

3.6E+11 

3.5E+11 

3.2E+11 

2.9E+11 

2.7E+11 

2.5E+11 

2.5E+11 

95 

3.4E+11 

3.4E+11 

3.4E+11 

3.4E+11 

3.2E+11 

3.0E+11 

2.9E+11 

2.9E+11 

2.9E+11 

90 

1.9E+11 

1.8E+11 

.1.9E+11 

1.9E+11 

2.0E+11 

2.0E+11 

2.0E+11 

2.0E+11 

2.2E+11 

85 

3.9E+10 

3.9E+10 

4.3E+10 

4.7E+10 

5.2E+10 

5 . 5E+10 

5.9E+10 

6 . 5E+10 

7.1E+10 

60 

2. 0E+10 

3.1E+10 

2.1E+10 

1.9E+10 

1.4E+10 

1. OE+10 

7.0E+09 

5.4E+09 

5.4E+09 

75 

5 . 1E+09 

5. 2 E+09 

5.8E+09 

5.5EH39 

4 . 8EvC9 

4 . 7E+09 

4 . 4 E+09 

4 . 3E+09 

4 . 8 E+09 

70 

4.6E+09 

4 . 8 E+09 

4.7E+08 

4.6E+09 

4.8E+09 

5 . 2E+09 

5 . 5 E+09 

5 . 6 E+09 

6 . 0E+09 

65 

6.1E+09 

6 . 3E+09 

6 , 1E+09 

6.1E+09 

6.1E+09 

6.2E+09 

6.6E+09 

7.0E+09 

7.2E+09 

60 

7.1E+09 

7.1 E+09 

7.1E+09 

7 . 0E+09 

6.9E+09 

6.8E+09 

6 . 8 E+09 

6 . 8 E+09 

6. 7 E+09 

55 

6.6E+09 

6.5E+09 

6.2E+09 

6.1E+09 

5 . 9E+09 

5.7E+09 

5.5E+09 

5 . 3 E+09 

4.9E+09 

50 

4.8E+09 

4. 8 E+09 

4.7E+09 

4.7E+09 

4.4E+09 

4.1E+09 

3 . 7 E+09 

3.4E+09 

3.0E+09 

45 

2 . 3 E+09 

2.3E+09 

2.3E+09 

2.2E+09 

2.0E+09 

1.8E+09 

1 . 6 E+09 

1.3E+09 

1 . 0E+O9 

40 

5.9E+08 

6 . OE+08 

5.8E+08 

5.5E+08 

5 . 1E+08 

4 . 6E+08 

4 . 0E+08 

3.3E+08 

2.8E+08 
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Table 2: continued 


September 


Latitude 0 

10 

Alt (km) 


130 

3.8E+10 

3.8E+10 

125 

5.1E+10 

5.1E+10 

120 

7.4E+10 

7.3E+10 

115 

1.2E+11 

1.2E+11 

110 

2.2E+11 

2.1E+11 

105 

3.3E+11 

3.2E+11 

100 

4.0E+11 

3.9E+11 

95 

3.6E+11 

3.6E+11 

90 

2.0E+11 

1.9E+U 

85 

4.0E+10 

4.1E+10 

80 

2.1E+10 

2.0E+10 

75 

5.5E+09 

5.6E+09 

70 

4.3E+09 

4.6E+09 

65 

5.8E+09 

5.8E+09 

60 

6.7E+09 

6.6E+09 

55 

6.4E*09 

2.2E+12 

50 

4.7E+09 

4.8E+09 

45 

2. 3E+09 

2.3E+09 

40 

6 . 4E+08 

6 . 3E+08 


20 30 40 


3.8E+10 

3 . 8E+10 

3.8E+10 

5 . 2E+10 

5.2E+10 

5.2E+10 

7 . 5E+10 

7 . 6E+10 

7.6E+10 

1.2E+11 

1.2E+11 

1.2E+11 

2.1E+11 

2.0E+11 

1.9E+11 

3.1E+11 

2.9E+11 

2.7E+11 

3.9E+11 

3.8E+11 

3.5E+11 

3.6E+11 

3.6E+11 

3.5E+11 

1.9E+11 

2.0E+11 

2.0E+11 

4. 5E+10 

4 . 7E+10 

4.9E+10 

2.2E+10 

2 . 3E+10 

8.6E+12 

5 . 7E+09 

6.0E+09 

6 . 0E+09 

4.7E+09 

4.6E+09 

2.0E+10 

5.7E+09 

5.6E+09 

5 . 5E+09 

6.7E+09 

6.5E+09 

6 . 3E+09 

6.1E+09 

6.0E+09 

5.8E+09 

4.7E+09 

4.7E+09 

4 . 9E+09 

2 . 3E+09 

2 . 2E+09 

2 . 1E+09 

6 . 0E+08 

5.4E+08 

5.0E+08 


October 


Latitude 0 

Alt (km) 
130 4.2E+10 
125 5.6E+10 

120 8.0E+10 

115 1.3E+11 

110 2.4E+11 

105 3.6E+11 

100 4 ♦ 3E+11 
95 3.9E+11 

90 2.1E+11 
85 4.3E+10 

80 2.5E+10 

75 6.6E+09 

70 4.4E+09 

65 5.1E+09 

60 6.5E+09 

55 6.5E+09 
50 4.7E+09 
45 2.3E+09 

40 6 . 4E+08 


10 20 

4 . 2E+10 4.3E+10 
5 . 7E+10 5.8E+10 
8 . 1E+10 B.3E+10 
1.3E+11 1 . 3E+11 
2.4E+11 2 . 3E+11 
3.6E+11 3.5E+11 
4.3E+11 4.3E+11 
3.9E+11 3.9E+U 
2.1E+11 2.1E+11 
4.6E+10 4.9E+10 
2.3E+10 2.1E+10 
6.0E+09 6.3E+09 
4.4E+09 4.7E+09 
5.1E+09 6.1E+09 
6.4E+09 6.5E+09 
6.4E+09 6.8E+09 
4.7E+09 4.6E+09 
2.2E+09 2.2E+09 
6 . 2E+08 5.7E+08 


30 40 


4.4E+10 

4.4E+10 

5.9E+10 

6.0E+10 

8 , 5E+10 

8.6E+10 

1.3E+11 

1.3E+11 

2.2E+11 

2.1E+11 

3.3E+11 

3.1E+11 

4.2E+11 

4.0E+11 

3.9E+11 

3.8E+11 

2.1E+11 

2.1E+11 

4.9E+10 

4.9E+10 

2.4E+10 

2.8E+10 

6.6E+09 

7 . 3E+09 

4.8E+09 

5.1E+09 

6 . 0E+09 

6.2E+09 

6 . 3E+09 

6 . 1E+09 

6.0E+09 

5 . 9E+09 

4.6E+09 

4.6E+09 

2.1E+09 

2.0E+09 

5 . 1E+08 

4. 5E+08 


50 60 

3.7E+10 3.5E+10 
5.0E+10 4.8E+10 
7.4E+10 7.1E+10 
1.2E+11 1.1E+11 
1.8E+11 1.6E+11 
2.5E+11 2.3E+11 
3.3E+11 3.1E+11 
3.3E+11 3.2E+11 
2.0E+11 2.0E+11 
5.1E+10 5.3E+10 
1.9E+10 1.5E+10 
6.1E+09 5.7E+09 
4 . 9E+09 5.4E+09 
3 . 3E+05 5 . 7E+09 
4 . 0E+08 6.4E+09 
3.8E+OB 5.5E+09 
3.7E+08 4. 1E+09 
3.0E+08 1.6E+09 
1.6E+08 3 . 6E+08 


70 BO 

3.3E+10 3 . 2E+10 
4.6E+10 4.4E+10 
6 . 7E+10 6.5E+10 
1.1E+U 1.0E+11 
1.5E+11 1.5E+11 
2.2E+11 2.1E+11 
2.9E+11 2.9E+11 
3.1E+11 3.1E+11 
2.0E+11 2.0E+11 
5.4E+10 5.5E+10 
1.5E+10 1.2E+10 
6.3E+09 7.5E+09 
5.6E+09 6.1E+09 
6.0E+09 6 . 5E+09 
6.2E+09 6.1E+09 
5.4E+09 5.3E+09 
3.8E+09 3.1E+09 
1.3E+09 9.0E+08 
2.7E+08 1.8E+0B 


50 60 

4.3E+10 4 . 1E+10 
5.9E+10 5.7E+10 
8.5E+10 8.2E+10 
1.3E+U 1.3E+11 
2.0E+11 1.9E+11 
2.9E+11 2.7E+11 
3.7E+11 3.5E+11 
3.6E+11 3.5E+11 
2.0E+11 2.0E+11 
4.8E+10 4.7E+10 
2.8E+10 2.6E+10 
9.7E+09 1.4E+10 
5.2E+09 7.0E+09 
6 . 3E+09 S.7E+09 
6.0E+09 1.0E+10 
6 . 0E+09 6 . 0E+09 
4.5E+09 4.4E+09 
1.8E+09 1.5E+09 
3.8E+08 3.0E+08 


70 80 

4.0E+10 3.9E+10 
5.4E+10 5.3E+10 
7.9E+10 7.7E+10 
1.2E+11 1.2E+11 
1.8E+11 1.8E+11 
2.6E+11 2 . 5E+11 
3.4E+11 3.3E+11 
3.3E+11 3.2E+11 
1.9E+11 1.8E+11 
4.5E+10 4.3E+10 
2.3E+10 1.6E+10 
1.6E+10 1.5E+10 
1.0E+10 1.1E+10 
7.3E+09 0.0E+00 
6.7E+09 0.0E+00 
6 . 0E+09 0 . 0E+00 
3.9E+09 3.1E+09 
1.1E+09 6.3E+08 
2.0E+08 1.0E+08 
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Table 2: continued 


Latitude 0 10 

Alt (km) 

130 4.2E+10 4.3E+10 4 
125 5.7E+10 5.8E+10 6 

120 8.2E+10 8.4E+10 8 

115 1.3E+11 1.4E+11 1 

110 2.5E+11 2.5E+11 2 

105 3.7E+11 3.7E+11 3 

100 4.5E+11 4.5E+11 4 

95 4.1E+11 4.1E+11 4 
90 2.3E+11 2.3E+11 2 

85 4.6E+10 5.0E+10 5 

80 2.8E+10 2.9E+10 2 

75 6.6E+09 6 . 5E+09 6 

70 4.4E+09 4.3E+09 4 

65 5.2E+09 5 . 3E+09 5 

60 6.8E+09 6.7E+09 6 

55 6.6E+09 6 . 5E+09 5 

50 4.7E+09 4.5E+09 4 

45 2.2E+09 2.1E+09 2 

40 6.3E+08 5.8E+08 5 


Latitude 0 10 


Alt (km) 
130 3.9E+10 

4. 1E+10 

4 

125 

5.4E+10 

5.6E+10 

5 

120 

7.8E+10 

8.0E+1O 

8 

115 

1.3E+11 

1.3E+11 

1 

110 

2.4E+11 

2.4E+11 

2 

105 

3.6E+11 

3.7E+11 

3 

100 

4.4E+11 

4.5E+11 

4 

95 

4.1E+11 

4.2E+11 

4 

90 

2.3E+11 

2.3E+11 

2 

85 

4.8E+10 

5.2E+10 

5 

80 

2. 3E+10 

2 . 4E+10 

2 

75 

5.8E+09 

5.9E+09 

6 

70 

4.6E+09 

4.4E+09 

4 

65 

5.9E+09 

5.8E+09 

5 

60 

7 . 4E+09 

7.2E+09 

6 

55 

6.9E+09 

6.7E+09 

6 

50 

4. 8E+09 

4 . 6E+09 

4 

45 

2.2E+09 

2.1E+09 

1 

40 

6 . 0E+08 

5.5E+08 

5 


November 

20 30 40 50 

5E+10 4.6E+10 4.7E+10 4 . 6E+10 
1E+10 6.3E+10 6.4E+10 6.4E+10 
7E+10 9.0E+10 9.2E+10 9.2E+10 

4E+11 1.4E+11 1.4E+11 1.4E+11 

4E+11 2.4E+11 2.3E+11 2.2E+11 

7E+11 3.5E+11 3.4E+11 3.2E+U 

6E+11 4.5E+11 4.3E+11 4.1E+11 
2E+11 4.1E+11 4.0E+11 3.8E+11 
3E+11 2.2E+11 2.2E+11 2.1E+11 

3E+10 5.2E+10 5.0E+10 4.6E+10 

6E+08 2.9E+10 3.2E+10 3.3E+10 

8E+09 8.3E+09 9.9E+09 1.4E+10 

5E+09 5.3E+09 6.1E+09 7.7E+09 

9E+09 6.6E+09 6.9E+09 7.4E+09 

3E+09 6.5E+09 6.2E+09 6.3E+09 

9E+09 6 . 1E+09 6.1E+09 6.2E+09 

1E+09 4 . 5E+09 4.4E+09 4.5E+09 
0E+09 2.0E+09 1 . 9E+09 1.6E+09 

3E+0B 4.7E+08 3.9E+08 3.1E+08 


December 

20 30 40 50 

3E+10 4.5E+10 4.6E+10 4.6E+10 
9E+10 6.1E+10 6.3E+10 6.3E+10 
4E+10 8.8E+10 9 . 0E+10 9.1E+10 
3E+11 1.4E+11 1.4E+11 1.4E+11 

4E+11 2.3E+11 2.3E+11 2.2E+11 

6E+11 3.6E+11 3.4E+11 3.3E+11 

6E+11 4.5E+11 4.3E+11 4.1E+11 

. 2E+11 4.2E+11 4.0E+11 3.8E+11 

. 3E+11 2.3E+11 2.2E+11 2.0E+11 

. 5E+10 5.3E+10 4.9E+10 4.4E+10 

• 5E+10 2.6E+10 3.1E+10 3 . 3E+10 

8E+09 9.0E+09 1 . 2E+10 1.6E+10 

. 7E+09 5 . 8E+09 7.2E+09 1.0E+10 

. 8E+09 2.0E+10 8.1E+09 8.6E+09 

. 9E+09 6.8E+09 6.3E+09 8.1E+09 

. 2E+09 5.8E+09 5.7E+09 6 . 6E+09 

. 3E+09 4.1E+09 3.8E+09 3.4E+09 

9E+09 1.7E+09 1.5E+09 1.1E+09 

. 0E+08 4.2E+08 3.2E+08 2.2E+08 


60 70 80 

4.6E+10 4.5E+10 4.4E+10 
6.2E+10 6.1E+10 6.0E+10 
9.0E+10 8 . 8E+10 8.6E+10 

1 . 4E+11 1.4E+11 1.3E+11 

2.1E+11 2.0E+11 2.0E+11 

3.0E+11 2.9E+11 2.8E+11 

3.9E+11 3.7E+11 3.5E+11 

3.6E+11 3.4E+11 3.2E+11 

1.9E+11 1 . 8E+11 1.7E+11 

4.2E+10 3.8E+10 3.6E+10 

2.9E+10 0.0E+00 0.0E+00 
1.6E+10 0 . 0E+00 O.OE+OO 
1.1E+10 O.OE+OO O.OE+OO 
8.1E+09 0.0E+00 O.OE+OO 

7 . 3E+-09 O.OE+OO O.OE+OO 
O.OE+OO O.OE+OO O.OE+OO 
4.4E+09 3.0E+09 O.OE+OO 

1.2E+09 6.0E+08 O.OE+OO 

2.2E+08 1.1E+08 O.OE+OO 


60 

70 

80 

4.6E+10 

4.5E+10 

4.5E+10 

6.3E+10 

6.2E+10 

6.1E+10 

9.0E+10 

8.9E+10 

8.8E+10 

1.4E+11 

1.4E+11 

1.4E+11 

2.1E+11 

2.1E+11 

2.0E+11 

3.1E+11 

3.0E+11 

2.9E+11 

3.9E+11 

3.7E+11 

3. 5E+11 

3.6E+11 

3.3E+11 

3.1E+11 

1.8E+11 

1.7E+11 

1.6E+11 

3.8E+10 

3.5E+10 

3.2E+10 

0 . OE+OO 

0 . OE+OO 

O.OE+OO 

0 . OE+OO 

0 . OE+OO 

0 . OE+OO 

O.OE+OO 

0.0E+C0 

O.OE+OO 

0 . OE+OO 

0 . OE+OO 

O.OE+OO 

0 . OE+OO 

0 . OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

O.OE+OO 

3.2E+09 

O.OE+OO 

O.OE+OO 

7.1E+08 

O.OE+OO 

O.OE+OO 

1.3E+08 

O.OE+OO 

O.OE+OO 
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NUMERICAL SIMULATIONS OF THE SEASON AL/LATITUDINAL VARIATIONS 
OF ATOMIC OXYGEN AND NITRIC OXIDE IN THE LOWER THERMOSPHERE AND MESOSPHERE 


D. Rees and T. J. Fuller-Rowel 1 


Department of Physics and Astronomy, University College London 
Gower Street, London WC1E 6BT, United Kingdom 


ABSTRACT- 

A 2-Dim*nsional aonally-avaragad tharmospharlc model and th# global UCL tharmospharlc nodal 
have bean used to Investigate the seasonal, solar activity and geonagnetlc variation of 
atonic oxygen and nitric oxide. The 2-Dl»enslonal nodal Includes detailed oxygen end 
nitrogen chenlstry. with appropriate completion of the energy equation, by adding the 
thermal Infrared cooling by [0] and [NO]. This solution Includes solar and auroral 
production of odd nitrogen compounds and matastabla species. This model has been used for 
throe investigations: firstly, to study the interactions between atmospheric dynamics and 

minor species transport and density, secondly, to examine the seasonal variations of atomic 
oxygen and nitric oxide within the upper mesosphere end thermosphere and their response to 
solar and geomagnetic activity variation*; thirdly, to study the factor of 7 - 8 peak nitric 
oxld* density Increase as solar F 10>? cm flux Increases from 70 to 240 reported from the 
Solar Mesospheric Explorer. Auroral* production of [NO] is shown to be the dominant source 
et high latitudes , generating peak [NO] densities a factor of 10 greater than typical number 
densities at low latitudes. At low latitudes, the predicted verietion of the peak [NO] 
density, near 110 km, with the solar ? 10 7 cm flux Is rather smaller than Is observed. This 
Is most likely due to an overestimate of the aoft X-ray flux at low solar activity, for 
times of extremely low sunspot number, as occurred In June 1986. As observed on pressure 
levels, the variation of [0] density Is small. The global circulation during solstice and 
periods of elevated geomagnetic activity cauaas depletion of [0] In regions of upwelllng, 
and enhancements In ragions of downwelllng. 


INTRODUCTION ■ 

Thla paper provides s brief review of some two and three-dimensional model studies of the 
inter- relationships between the major and minor species of the lower thermosphere and upper 
mesosphere. Several timely questions are addressed by the model simulations. The data from 
the Solar Mesospheric Explorer (SHE /l/) show a factor of about 7 - 8 variation of peak low- 
latitude number density as the solar F 10 7 cm flux increases from 70 to 240 units, compared 
with a variation of approximately a factor of 4 found In previous numerical studies /!/. 
The degree of possible variability of atomic oxygen number densities in the lower 
thermosphere and upper mesosphere consistent with major meteorological, seasonal and 
geomagnetic variability of the atmosphere is also of interest. Previous studies (for 
example a special issue of Planetary and Space Science, 1988) have shown up to a factor of 
at least 100 variability in the density *>f atomic oxygen at and below the peak density of 
the species, normally observed around 105 km. 


ATOMIC OXYGEN AND NITRIC OXIDE; KEY MINO R CONSTITUENTS- 

Atomic oxygen is created by the photodlssoclatlon of molecular oxygen within the 
thermosphere. Having approximately half th* molecular mass of Oj and N* , its scale height 
Is double that of 0« and N 2 for the aame temperature. Since recombination Is very slow ot 
middle and upper thermospheric densities and collision rates and If diffusive equilibrium 
prevails, (0) becomes the major constituent above around 150 km /3,4,5,6/. Given the long 
recombination time, the specie* can be transported globally by mean winds. When large-scale 
upwelllng and advection occur* , particularly at solstice, and also associated with the 
intense large-scele heating during geomagnetic storms, diffusive equilibrium no longer fully 
controls the vertical profiles of [0] and [N 2 . 0 2 ]. Under such conditions /7,B/, the 
process known as wind-driven dlffualon may cause large relative departures of Indlviduol 
light or heavy spades from diffusive equilibrium, although hydrostatic equilibrium will 
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still b« generally observed. Relative to density values which would be expected for the 
appropriate kinetic temperature, Nj 1* strongly enhanced In regions of persistent upvelllng 
and outflow, where atomic oxygen Is strongly depleted. In regions of persistent convergence 
and dovnwelling, the converse is true. The major direct consequences are an excess of 
molecular nitrogen at the summer pole, particularly at times of high geomagnetic activity, 
while the winter pole (at quiet times) and vlntar mid- latitudes (under more disturbed 
conditions) contains the highest densities of atomic oxygen and helium. 

These perturbations of minor species density extend to lower thermosphere altitudes, and 
wind-driven diffusion Is one significant cause of variability of atomic oxygen In the lower 
thermoaphere . Eddy diffusion can also cause vertical transport of minor species, and can 
change the vertical profile of atomic oxygen and other minor constituents / 9 / . 

2 

Nitric Oxide is primarily created through the reaction of the atomic nitrogen species N( D) 
and N(^S) with molecular oxygen /3,9/. N( 2 D) end N(*S) are produced by surorel dissociation 
/10/, by photodissociation /ll/ and various ion chemical reactions involving ^ + /12/. 

Although nitric oxide Is chemically and radiatlvely active, its chemical lifetime in the 
lower thermosphere la long enough for wind transport to be important. Its diffusion into 
the mesosphere is also important, and It has been shown /13/ that in the winter polar 
stratosphere, it also has a long effective lifetime in non-sunlit regions. Increased 
production, at times of high solar activity, or associated with enhanced auroral production 
during geomagnetic storms, may create very large lower thermospheric densities of [NO], 
Civen enhanced vertical transport due to turbulence, this may result In large (NO) densities 
in the mesosphere and even In the upper stratosphere at winter high- latitudes , where there 
la no solar photodestruction of nitric oxide. There are a number of major consequences of 
such enhancements, affecting the chemical and radiative balance of the mesosphere and 
thermosphere, and properties of the ionosphere. 


THE EVMEftKAl HQPEL- 

The three-dimensional atmospheric model has been we 1 1 -described in a number of papers, 
Including Puller -Rowell and Rees /1^«,15/ and Puller-Rowel 1 et al /16/. The zonally-averaged 
model evolved from the nested grid model of Fuller -Rowell /17/ and is further described In 
Rees and FulLer-Rovell /8/. 

The seasonal, Latitudinal and solar activity variations of atomic oxygen density will be 
considered, as will the response to variable geomagnetic forcing at high geomagnetic 
latitude. Large-scale Hadiey-type circulation cells are generated within the thermosphere, 
closing in the upper mesosphere, as the result of the solar diurnal heating variation, the 
seasonaL / hemispheric asymmetry of solar heating, and due to geomagnetic heating, usually 
at high latitudes. These large-scale circulation systems force a partial breakdown of 
diffusive equilibrium as the result of the combination of vertical convection and horizontal 
edvectlon. The fulL 3 - dimens tone 1 global coupled ionosphere - thermosphere UCL model will 
be used for these simulations /14,15,16/. 

A second series of simulations uses the zonally-averaged 2- d lmens Iona 1 model. Nitric oxide 
and other 'odd nitrogen' compounds are Included as minor species. With this model, it Is 
possible to examine, in addition, the seasonal, latitudinal, solar activity and geomagnetic 
response of (NO). It is also possible to evaluate the transport and thermal effects of 
variable eddy turbulence within the lower thermosphere and upper mesosphere. The model 
takes into account the thermal radiation from nitric oxide, which has very Important effects 
on the thermal balance, and consequences for the mean circulation. 

The two- d lmens iona I , zonally-averaged model of the thermosphere solves the non-linear 
energy, momentum, continuity end three- cons tituent composition equation self -cons Ls tent ly 
and tine - dependently . The f lnlte -difference grid covers the latitude range from the north 
to the south geographic pole in steps of 5° latitude, and the seventeen pressure levels, one 
scale height apart, cover altitudes from 70km to approximately 500km, depending on solar 
activity. The model has been adapted from the high-resolution, nested-grid model of Fuller- 
Rowell /17/ ( which contains a complete description of the numerical procedure, the set of 
equations, boundary conditions and parameter Itatlon required to simulate the thermospheric 
nautral wind, temperature and density. The same paper also describes the photochemistry, 
and tha dissociation and recombination rate constanti Included in the computation of the 
mbs mixing ratio of tha major species of atomic oxygen, and of molecular nitrogen and 
oxygen. 

A further addition has been msde to the model to include the production, loss and transport 
of N( D) , N( S) , and NO (Nitric Oxide). The evolution of the concentrations of these minor 
species are computed self -consistently in parallel with the development of the itructuru, 
dynamics and energy budget of the major species. The creation of nitric oxide occurs through 
the odd-nitrogen chemistry primarily through the reactions of N( 2 D) and N(4 S ) with molecular 
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oxygen. The N(*D) end N( S) 
direct dissociation of by 

nitrogen chemistry, branching 
described in fcoble et el /2/. 


ire produced by ion chemical reaction* Involving N 2 \ and by 
euroral particle* /10/ or *olar radiation /ll/. The odd- 
ratio* , and rate coefficient*. Included in the model are a* 


Ail three promotion aourc*. of atomic nitrogen are included in the tonally averaged model . 
The sources of H(*D) and NCS) through the ion chemical reaction* are evaluated vithin th 
UCL-Shef field coupled t he nao sphere- ionosphere model. The reference *P«ctre appropriate fo 
high and low solar activity, together with the ionisation frequencies of the major 
ere taken from Torr et al /18 /. Th* solar production function thus produced 1* used within 
the ronally averaged code, where solution of the odd nitrogen chemistry and transport 
proceed* in parallel with that of the dynamics, energy budget and composition of the major 
species . 

Th. pare icl. pr.clplt.tlon .cure. L d.rlv.d fro. th. TIROS/NOAA ..t.lilt. d.t. /19/ and U 
IT. de.crlb. th. hlgh-l.tltud. .uror.l h..tln* rat., ionlx.tlon r.t., .nd » a 

nltrog.n dl.xocl.clon /10/ , ..lf-cons Utently within th. .od.l. Th. dlr.ct p.rtlcl. he.tlng 
•ct. 8 ln addition to th. Joule dl.slp.tlon which together -odlfy th. global circulation 
;.tt.in Th. circulation, which transport, .nd -1«. th. ..Jot sp.cl.s .nd 1* <»erlb.d 
fully in Full.r-Row.ll /17/, also .«• as • .ourc. of tr.n.pore to th. nlnor .p.cl.s. Th. 
distribution of nitric oxid., .s . strong r.dlstlw. cooler /»/. h.s . xtrong influence on 
th. latitudinal t.ap.r.tur. gradient, .nd on th. global ...n th.rao.ph.rlc t.ap.r.ture 
h.s been shown by Robl. .nd Entry /20/. Th. l.tltudln.l distribution of t.np.r.tur. .nd NO. 
•nd th. gLob.l circulation p.tt.rn, 1. a highly coupled .nd interacting sy.tco of variables. 


Th. .uror.l precipitation .1.0 produces ionisation which .nh.nc.s th. Ion densities above 
the quiet background levels described by Chiu /21/. Thl. additional eourc. of ionlx.tlon h.s 
been Included where the auroral enhancement Is assumed to be in chemical equilibrium, an 
Is added to the background solar-produced values of Chiu /21/ by the square root of the sum 
of the squares. This is a less sophisticated approach than is used In the 3-D fully-coupled 
ionosphere - thermosphere model, but produces an overall result which is adequate for the 
purposes of these 2-D simulations, where we are not yet concerned with the details of the 
ionospheric predictions. 


RESULTS Q? THE SIKULMIQPS. 

Clobal distributions with seasonal, latitudinal and geomagnetic variations. 

Figure 1 shows the global distributions of temperature, mean molecular mass, atomic oxygen 
density and molecular nitrogen density at pressure level 7 (125 km) of the UCL three- 
dimensional, time-dependent model (E-Reglon, approximately 125 km). The seasonal / 
latitudinal variation of atomic oxygen density shows a very distinct minimum at the summer 
pole and a maximum at the winter pole. For moderately active solar (F 10 7 - 185), and 
quiet geomagnetic activity conditions, there is a factor of more than 2 variation of E- 
r eg ion atomic oxygen density from gLobal minLmum to global maximum. This simulation 
includes the effect of lower atmosphere tides Introduced via lower boundary forcing /22/. 

Figure 2 shows the global distributions of temperature, mean molecular mass, atomic oxygen 
density and molecular nitrogen density at pressure level 12 of the UCL three-dimensional, 
t lme -dependent model (F-Regtou, approximately 320 km). There is a very large seasonal / 
latitudinal variation of atomic oxygen density. The minimum oxygen density Is at die summer 
pole, however, the maximum values are displaced from the winter pole, towards high winter 
mid-latitudes, as a result of high - la t itude energy Input. This simulation is for moderately 
active solar (F 10 7 - 185), and moderately disturbed geomagnetic activity conditions (Kp - 
3). Atomic oxygen number density varies by more than a factor of 6 from global minimum to 
global maximum, consistent with empirical model results /U>/ ■ 

Figure 3 shows the global distributions of temperature, mean molecular mass, atomic oxygen 
density and molecular nitrogen density at pressure level 7 of the UCL three-dimensional, 
time-dependent model (E-Reglon, approximately 125 km) taken from the same simulation as that 
shown in Figure 2. It shows that a similar, if somewhat smaller seasonal / latitudinal 
variation of atomic oxygen density occurs et the lover altitudes. The minimum oxygen 
density is again at th* summer pole and, as at F-region altitudes, the maximum values are 
displaced from the winter pole, cowards high winter mid- latitudes , es a result of high- 
latitude energy input. There is a surprisingly large variation of atomic oxygen density 
from global minimum co global maximum, about a factor of 5, resulting from the seasonal 
asymmetry of solar insolation, combined with the high-latitude geomagnetic energy Input. 
This factor of 5 atomic oxygen density variation at*125 km altitude greatly exceeds the 
latitudinal / seasonal total density variation.. Ic l * necessary to 
recall that th* majority of species density profiles are measured with sole reference co 
geometric altitude, end no reference to pressure level or to total gas density. 
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Latitudinal distributions for equinox snd vsrlatlons with solar and geomagnetic acctvlcy. 


Figure 4 shows variations of atmospheric structure and composition as a function of altitude 
and latitude simulated using the two-dimensional, time -dependent model. Panel A shows the 
density distributions of atomic oxygen, nitric oxide, molecular oxygen end molecular 
nitrogen Panel B shows Temperature, Meridional and vertical neutral wind, and mean 
molecular mass. Panel C displays nitric oxide density distribution from 100 to 160 km. for 
comparison with the results obtained from SHE /l/. The conditions depicted are equinox, low 
solar (F lft , cm - 80) and low geomagnetic (Kp - 1) activity. There is a weak latitudinal 
variation of atomic oxygen density, caused by the high-latitude geomagnetic energy inputs. 
Nitric oxide density Is structured by two peaks, one at low-latitudes , due to solar 
production, and the other in the auroral oval, resulting from auroral particle dissociation. 

Figure 5 shows variations of atmospheric structure and composition as a function of altitude 
and latitude simulated using the two-dimensional, time-dependent model. The displays are as 
for Figure 4. The conditions simulated are low solar (F 10 7 cm - 80) and moderate 
geomagnetic activity (Kp -3), at equinox. There is now a small latitudinal variation of 
atomic oxygen density, with decreased density In regions of increased hlgh-latltude 
geomagnetic energy inputs. The major feature in nitric oxide density Is the enh.nced hlgh- 
latltude peaks, resulting from Increased auroral production. There Is e ratio of about 4:1 
between low-latitude and high latitude values of nitric oxide. 


Figure 6 shows variations of atmospheric structure and composition as s function of altitude 
and latitude simulated using the two-dimensional, time-dependent model. The displays are as 
for Figure 4. The conditions which ere simulated ere low solar (F 10 7 cm - 80) and high 
geomagnetic activity (Kp -5). at equinox. The latitudinal variation Is further enhanced. 
Atomic oxygen Is further depleted, and molecular nitrogen further enhanced, in those regions 
which correspond to the enhanced auroraL energy and particle inputs. Nitric oxide densities 
vary by an order of magnitude from low to high latitudes. The broad latitude extension of 
elevated nitric oxide densities correspond mainly to the extended regions of energetic 
particle precipitation described by the statistical models of energetic electron 
precipitation. Harked changes of nitric oxide extend to the lower altitude limits (70 km) 
of the model, while significant changes of atomic oxygen density extend below 86 km. These 
low-altitude disturbances are primarily due to Intense geomagnetic energy inputs within the 
auroral oval. 


Figure 7 shows variations of atmospheric structure and composition as a function of altitude 
and latitude simulated using the two-dimensional, time-dependent model. The displays are as 
for Figure 4. The conditions which are simulated are high solar activity (F 10 .7 cm “ 200) * 
and low geomagnetic activity (Kp - 2) at equinox. There are considerable enhancements of 
molecular nitrogen, molecular oxygen and nitric oxide densities snd a marked decrease of 
atomic oxygen density within both auroral ovals. At this high level of solar activity, the 
low latitude vaLues of nitric oxide density are considerably Increased, by about a factor of 
4 compared with those for low solar activity (F 10 7 cm - 80). This fsctor is smaller than 
the factor of 7 - 8 reported for the same range of solar activity by Bnrth /l/. This 
apparent discrepancy will be discussed In the following section. Even st high solar 
activity the Low latitude values remain below the peak auroral oval values, except for very 
quiet geomagnetic conditions. Kp - 1 or lower. This indicates that except for prolonged 
periods of geomagnetic quiet during periods of high solar radio and UV / EUV fluxes, hlg* 
latitude peaks, corresponding to enhanced eurorai production, will still be a distinctive 
festure of the global distribution of nitric oxide. 


Latitudinal distributions for solstice. 

Figure 0 shows variations of atmospheric structure and composition as a faction 
and latitude simulated using the two-dimensional, time-dependent model .The display* are as 
for Figure 4. The conditions which are simulated are moderately high solar JJlO.7 

cm - nO) and low geomagnetic activity (Kp - 2) at the December solstice. A significant 

seasonal / latitudinal asymmetry develops in the distribution of all constituents. There is 
a Large summer high latitude enhancement of molecular nitrogen and of nitric oxide snd 
d.oletlonT atomic oxygen. For nitric oxide, there is approximately a fsctor of 50 l 

suLser high latitude enhancement, the combination of solar and auroral production. For 
atomic oxygen snd molecular nitrogen, the behaviour in tha summer and wlnt.rhamUpheresis 
quit, opposite, due to the influence of global, poLe to pole circulation. For nitric oxld 
there 1. still an enhancement in the winter auroral oval, a. veil a, the rather larger 
enhancement in the summer auroral oval. 


DISCUSSION . 


Atomic oxygen in the upper thermosphere 
response to asymmetric solar insolation 
years, and have now been successfully 


shows large seasonal / latitudinal variations in 
Such variations have been well known for many 
simulated by theoretical and numerical modelling. 
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Figure 4. Variations of atmospheric structure and composition as a function of altitude and 
latitude, simulated using the UCL two-dimensional, time-dependent model. Panel A 
shows the density distributions of atomic oxygen, nitric oxide, molecular oxygen and 
molecular nitrogen. Panel B shows temperature, meridional and vertical neutral wind, and 
mean molecular mass. The conditions depicted are equinox, low solar (F I0 7 cm = 80) and 
low geomagnetic activity (Kp = 1). Panel C depicts the distribution of nitric oxide between 
100 and 160 km, for direct comparison with the data from SME. 
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Figure 4C. 
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Figure 5. Variations of atmospheric structure and composition as a function of altitude and 
latitude simulated using the two-dimensional, time-dependent model. The display is as for 
Figure 4. The conditions simulated are low solar (F^q 7 cm = 80) and moderate 
geomagnetic activity (Kp = 3) at equinox. 







166 


TEMPERATURE MEAN MOL WT 



O 30 60 90 170 180 l&O O JO 60 90 120 ISO 180 


CO-LATITUDE CO-LATITUDE 


SOUTHWARD WIND VERTICAL WIND 



CO- LATITUDE CO-LATITUDE 


Figure 5B. 







ALTITUDE (KM) 


167 


NITRIC OXIDE DENSITY (CM-3) 

EQUINOX, F10.7= 80, LEVEL=7 (KP 3) 



LATITUDE 


CONIOU* 1*0* 0 iOOOOt ■ 0 J 10 0*0000t«li# COwSOJK WlfkYA of o moooc »o;r 0 1 4 11 A >01* AI>U% SMI II e< 0-U000t 0« 


Figure 5C. 
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Figure 6. Variations of atmospheric structure and composition as a function of altitude and 
latitude simulated using the two-dimensional, time-dependent model. The display is as for 
Figure 4. The conditions which are simulated are low solar (F j q j cm = 80) and 
moderately high geomagnetic activity (Kp = 5) at equinox. 
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Figure 7. Variations of atmospheric structure and composition as a function of altitude and 
latitude simulated using the two-dimensional, time-dependent model, the display is as for 
Figure 4. The conditions which are simulated are high solar (Fio. 7 cm = 200) and low 
geomagnetic activity (Kp = 2) at equinox. 
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Figure 7B. 
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Figure 8. Variations of atmospheric structure and composition as a function of altitude and 
latitude simulated using the two-dimensional, time-dependent model. The display is as for 
Figure 4. The conditions depicted are moderately high solar activity (F 107 cm = 150) and 
low geomagnetic activity (Kp = 2) at the December solstice. 
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HlnJ-drlv.n dlffu.lon /23 / c.u,.d by .y.c.clc up».lUn* ov.rth. >u>«r 0 ?°£[ W */mc' 

n««r th* winter pole, with an interconnecting a*in meridional flow of the order of 50 ■/ . 

partlyVerco-ei^dlf fu.lv. equilibria- within the ther«o.ph.r. . This c.u.e. the enhancement 
^ h«4 Tto-U .nd ■©IacuIat .p.cl.. r.l.tlv. to ll.ht «o.lc .ptcl.t In th. .u*».r pol.r 
region end th. conv.r.. in ch. region of do-nv.lling peer th. winter pole. 

At hither level, of geo.egn.tlc ectlvity. th. wind-driven diffu.lon proc... 1. enh.nc.d 
cubing e further enrichment of h.evy end .ol.cul.r epeci.. in th. evmo.r g.oMgn.cic p 
cao where th. .trongeet combined .oler end g.omegnetlc heetlng occur.. Ac »uch clme., 
letitudlnel 1 verier ion. of th. .to.U o.yg.n ml.ing r.tlo in th. upper ih.r^.ph.r.b.co.. 
both larger and -ore co-plex, particularly at the solstice. Using coupled Ionosphere 
ther— osphera model*, the structure* observed during major disturbance* can be reason* y 
vUl .imulet.d, and r.l.t.d to th. loc.lly-.nhenc.d heetlng end upveiilng «««•<»• ln *** 
pour cglone. by enh.nc.d lon-n.ucr.I coupling (ion dreg / frlctlon.l / Joule he.tlng) 
re.ultlng from the enhancement of t-reglon ple.me den.ltie. by particle prec Iplt. Ion . 

Under dl.turb.d geomagnetic condition, ec soletlce. there c.n be e f.ccor of 10 l.clcude 
verl.tlon in .comic oryg.n conc.ncr.tlon et th. ..me F-reglon .itltud. (300 Vm) . Eve " 
r ,, lnn altitude* (around 125 km) , a factor of 5 variation can occur. In both case , 
minimum [0] v.luee ere vithln the summer geomegnecic pol.r cep. while mexlmum (0) velues ere 
ec high wlncer mid- leclcudes , equscorwerd of Che eurorel ovel. 

IC 1. cl.er from th. figure, ch.c th. dominant lnfiu.nc. on global l NO] production is from 
th. .uror.l dlssocletlon of N, et high latitude.. For .11 but th. mo.c quiet geomegnecic 
condition, the high Utlcud. 2 p..k NO number density is con.ld.r.bly greeter then 

equatorial letltude,. At low letltudee. however . Urge verl.tlon over the 
solar cycle has been observed /!/. This is . direct result of the sol.r cycle -re.ated flux 
increase In the wavelength range up to 100 nm. 

Th. solar production of H( 2 D) and (N*S) . the precursors of [NO], occurs prlsarlly through 
Hi El ' cZhol reactions, particularly H 2 * with neutral oxygen. A small 
ha. also been identified by Richards et al /IV. namely the predissoclotion of N 2 in the 
wavelength range 80 - 100 nm. The p.ak |N0] density, near 105 km. Is strongly controlled 
low latitudes by the strength of th* solar Lonlaing flux sbie to penetrate to these levels. 
The wavelength region of most Interest therefore, Is the 1 - 14 nm soft X-ray flux. 


Th* prasent simulations have used the solar fluxes and ionisation frequencies of tha major 
species described by Torr et al /IB/. The reference spectrum for low solar activity Is from 
rocket-borne measurements in April 1974, when the F 10 7 cm radio flux was about 70 units. 

For high solar activity, the period in June 1979 was used, when the F lQ 7 cm flux was in 
excess of 240 units. Using these reference spectra to define the range of solar flux In the 
modal, th* peak low-latitude [NO] density around 110 km vartad from O.B * 106 cm-3 at low 
solaractlvity , to 3 * 106 cm-3 at high solar activity. The [NO] value* differ from the 
observations of Barth /!/ over the last soLar cycle. He reported a variation of a factor of 
7 - 8 for the ratio of peak equatorial [NO] fro- high to low solar activity. Tha only 
funda-encal difference with the preaent result. Is that the model appears to underestimate 
the minimum values by a factor of 2, and hence underestimates the ratio of equatorial [NO] 
density from high to low solar activity. 


Tna -w*t plausible explanation Is that the soft X-ray flux was sctually lower during the 
last solar cycla minimum In June 19B6, than Ln the April 1974 minima- period, when direct 
solar EUV radiance measurements were available. Although the 7 .cm radio flux was 

similar during the two periods, the sunspot numbers differed considerably. In April 1974 . 
the sunapoc number was 40, in 1986, the minimum value was 1 during June, and the 19B6 
avarage only 14. In view of the strong correlation of the E-region critical frequency with 
the Zurich sunspot number, a direct relationship between [NO] density and the soft X-ray 
flux appears the most likely explanation. The F^q 7 cm radio Index Is thus not a 
particularly good indicator of [NO] equatorial density, and an index related to sunspot 
number might provide a better key for prediction. 


Ve have previously shown /8/ that increased eddy turbulence eeuses enhanced downward 
transport of nitric oxide from the upper thermosphere to the mesosphere. The number densLty 
of nitric oxide is Increased ln the lower thermosphere, et the masopause. and ln the upper 
mesosphere by more than a factor of 10 by enhanced values of addy turbulanc* (within 
published values) . 

The dominant consequence of the enhanced downward trenaport of nitric oxide is strong 
masopause cooling In the vicinity of the region of enhanced eddy diffusion coefficient. The 
cooling ie due to increased I.R. radiation fro- regions of elevated nitric oxide density. 
There la a change ln the assn meridional wind end flow towards regions of Increased eddy 
turbulence, which causes a co-plex aequence of lntar-raiatad affects. 
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If *ddy turbulence 1» increased systematically on a large scale, for a period of several 
days, mesospheric nitric oxide densities increase. This causes, via Increased radiative 
cooling, mesopauae cooling of the order of 30 K, in the region of enhanced eddy turbulence. 
The increased eddy transport also enhances upper ■eeospherlc atonic oxygen densities, but 
less dramatically than for nitric oxide, since atomic oxygen is removed rather rapidly belov 
about 95 to 100 km. 


SUMMARY . 


In this study, ve have attempted to use the numerical models to study the range of 
variability of atosilc oxygen and nitric oxide which might be expected to occur as the result 
of four fundamental procesaai of change effecting the lower end upper thermosphere. 

(i) Seasonal / latitudinal variations. 

n;*.*V*“ ° f gl ° b * 1 eo " v *“ l °" •»<! ^v.ctlon Induced by .symmetric eol.r isolation n.er 

Svi««tle ll‘ ( i # , CU * 1 V * rL * Clon ln th * co.po.Ulon of the thermosphere. 

’ ‘ 'J upvelllng end outflov neer the lurner pole, the connecting circulation and 
co " v#r 8* nc * * nd downwalling towards tha winter pole disturb diffusive 
equilibrium. The result Is the enhancement of he.vy atomic end molecular species as viewed 

lUhrVco^lc^In*^* l#V “ 1S ‘ l n Ch ; ,UBUner P ol * r r *8ions, and a complementary enhancement of 

a; C °*Th/ P : :* r r ,, r er POlttr r * 8l ° n U8iLn r * Utlv * moment pr # „ur e 

levels). The effects ere we 1 1 - d« t e roine d empirically, and the seasonal / latitudinal 

• nh * nc,d by th * hi * h i * titud * h *« in « -‘-mg P .nod. of Mth 

300 th ta/Tr' r . POUr " 8l ° n ' th * ■'*" “Cl'cul.r me., et pressure level 12 (F-reglon. .round 
300 ta) ».y Incr.e.e to ebove 26 / 25 (high .oLr ectlvlty. F.„ 7 . 185 end for 

moderately disturbed geomagnetic condition.. Kp - 3* - 5). The minimum me.n molecular mess 
t pressure level 12 (around 280 km) 1, nov at high winter mid -latitudes (rather than In the 
winter poler region) but still hes a value close to 17 aau. 

Such compositional dl.turb.nce. ere not confined to the F-reglon. end even at 125 km 
Intuit""'.".!*. ° f 5 ln * tC " U OXy * tn d,n,lt >' can be generated et high geomagnetic 


Vor nitric oxide, there is approximately a 
seasonal variations. 


\ modulation in number density caused by 


Solar Activity variations. 


nUro«n tUd ' ° bs " rv " i constant pressure levels ln .tele oxygen end molecular 

. 7 I ''. son * 1 asymmetries of Ulumlnetlon end heating ere only marcln.llv 


cheng.d by variations of sol.r ectlvlty. However, nitric orld. responds quit. dr.matU.lly 

uVmlTl.V' h r‘h ° * ° f *’ *’ ‘° Ur F 10 7 cm flux lncr..s , es from 70 to Jo' 

1. smeller then th. r.tlo reported from SHE obseri.tlons - . f.ctor of 7 . 8 This 

t£."Turl’J .oh" rh k * ly *“ OCUt * d Wlth »““« *—7 “—a —log the 1,86 solar minimum 
p o .1,10. Pr * VlOUS SOUr CyClt nlnlnU '"' Dur1 " 2 1,86 • “>■ sunspot number was 


Ctomagnetlc Activity Variations. 

The relatively localised energy Inputs sssocleted with elev.ted level, of geomagnetic 
Uvlu^ 8 Tn“th ^ *co»lc oxygen concentrations (when observed on constant pressure 

i’ , a iT" POl * r C * P ' C,,lS c.n be en order of magnitude et F-reglon 

altitudes (.round 300 km), end a f.ctor of 5 at E-r.glon altitude, (125 km) Nor»Iu! 
molecular nitrogen densities sr. elevated as th. atomic oxygen density decreases Nitric 
orodueflo * <,ulckl) ' * nd Increases rapidly ln response to an increase of auror.l 

conditions' V “ y ”° r ' °"' °‘ m “ 8nltud ' disturbed geom.gnetlc 


Ef facts of addy turbulence transport: 
Atomic Oxygen. 


Increased eddy turbulenca causes enhanced downward transport of atomic 
theraosphare into the mesosphere. Where eddy turbulence 1. enhanced 

(0] is increased et elL altitudes, not only In the vicinity of the 
thermosphere . 


oxygen from the upper 
the mixing ratio of 
mesopause and lover 
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Nitric Oxld# . 

Nitric Oxld# 1« readily transported downward by enhanced eddy diffusion around and above the 
meaopauae. This may enhance radiative cooling of the upper mesosphere caused by nitric 
oxide, with further signatures in temperature and wind distributions. 

A combination of seasonal, solar activity and geomagnetic variations discussed in this paper 
can cause unusual values or profiles of nitric oxide or atomic oxygen vlthln the lover 
thermosphere and upper mesosphere. Cenerally, there should be a correlation or 
anticorrelation between variations of different major and minor const ltueiit . within the 
lover thermosphere and upper mesosphere, which may also leave a signature in temperature, 
density or wind profiles. Ve have previously shown that variations In the eddy diffusion 
coefficient, can cause a wlda ranga of significant correlated composition, thermal and wind 
changes . 
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